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PKEPAC^E TO THE EIFTH EDITION. 


I \M iiiroim('d 1 )y Iho Publisheis that this Fifth 
Eilitidii h> Tcquirod to moot tho domond of a 
'•oiu wliat wider cLihs of students than those for 
whom the Ijoctures wore originally intended. 

Tills cireumslMUico, as woU os tho advances made 
111 A'iiT0TK)Tiii(‘(d science during the period whioli 
has tlajiRoil since the Lectures were delivered, 
Iiave londcrod it desirable that some veiy slight 
niodihcations should bo made in tho text, and that 
st^me additions should be made in tho form of 
Appendix. 

I am happy to state that Mr. Stirling has beijift, 
lit liberty to prepare the modiheations and additions 
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to whicli I allude, and to undertake the geneial 
editing of the hook. And I now issue the worli 
to the public, with the incieased confidence derivtMl 
from the assistance of a friend on whose ability I 
place complete reliance. 

G. 11. AIRV. 

KoTAIi Observatoht, 

Gukrnwicu, 1866, June 9t7i. 




Is (<in(isiijj; -^Mth pci SODS who «ii not oiliciaUy 
itulml lo 01 m otlid ^\ !■>& 

'>1 oully (0^111/lilt ol till tidiiiK ilitii^i oi 2)iitti<(il 
Asiionom>, but who, luMilhihbs, f,nedt 

jiitiiL t 111 th( sddiit ot AstioiioJD} ^lUoidUy, I 
hIII 41U nil y 1K Lii sliui k w ith two r( 111 iiks 1 h( 
liisi , th it till si jui^ons .qipi-u to iigaid tho 
illtuluinitiou o( im isuus,Lkt those ol the distance 
ot till Sun and Muoii, is luy&tiiiis lx>uud oidiinjy 
(oiiipiilH nsion, bisul fKilui>s upon pimcitdes whidi 
It is iiiijiossibli t«> 2)Ustiit to Loiniuoii uiiiuls with 
till sill ilkst juobibility that tluy will bo undii 
stood, it tluy ntiipt ilusi nii isuns at .ill, they 
ul(j)l thiiii oiih u})on loo*^ iiiisoiiil iiiditj many 
iisijtlii mijiii Moii whiih till stitdiuut in.ikes on 
thi mind I'l \d> diltaont liom tint iii itrd by a 
hi Old ol the distiiui 111 links bitwidi two towns, 
01 ol till nuiuboi of atics in a hi Id Ihi becoiid 
urn,Ilk IS, tliat will 11 jidsons well .iniuimioil with 
the gonoi il lads of Asiioiioniy .ue lulioiluced into 
an CJliscivatoiy, tluy .no, (oi the most ^lait, uttdly 
unable lo understand anything which they see, 
tlii> are improsstd iiciliapb with the aiiiiaunt coiii- 
]) 1 ( \itv of buhsidiiuy jiaits of tJie Astiouomioal 
instiuincnts, and they uno^me that the lundouiental 
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principles of their construction arc complicated, and 
too obscure for the understanding of ordinary men; 
and they leave the Observatory -without having 
derived from it any clear idea whatever. 

In both cases, however, the difficulties are vciy 
much over-estimated: or rather, difficulties are 
assumed which, in reality, do not exist at aU. 'fhe 
measure of the Moon's distance involves no prin¬ 
ciple more abstruse than the measure of the distance 
of a tree on the opposite bank of a river. The 
Ijriiiciplcs of construction of the best Astronomical 
instruments are as simple and as closely referred to 
matters of common school-iwlueation and familiar 
experience, as are those of the common globes, the 
steam-engine, or tlio turning-lathe; the details are 
usually less complicated. 

In the application of the ordinary iirinciples of 
geometry and trigonometry to such Astronomical 
measures as those to wliich I have alluded, it may 
sometimes bo expedient to resolve the process into 
several successive stejis, and tliese stci)S may perhaps 
require diffoi*ent kinds of treatment. Hut the 
remark which I have made applies to every indi- 
viduid step; all ore simple and witliin oniinaiy 
comiirohension, and the oidy complexity arises from 
the circumstance that the student may find it 
necessary to have a clear view of several such stiips 
at once, in order to ptuceive the connection between 
the first staudaid of length and the numerical 
measure last obtained. 

AVith those impressions on my mind, T had long 
wished for some opportunity of endeavouring to 
explain to intelligent persons the principles on 
which the instnunents of an Observatory are con- 
stincted, (omitting all details, so far as they ai*e 
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merely subsidiary), and the principles on wbidi the 
obseryations nmle with these testruments are treated 
for deduction of the distances and weights of the 
bodies of the Solar System, and of a few stars, 
(omitting all minutiai of formuhe and aU troublesome 
details of (!}ilculation). To attempt to go further 
than tliis would, in fact, amount to undertaking a 
eoni])lete w(jrk on Astronomy, which was far beyond 
my intentions. 

Such an opi)ortunity appeared to present itself in 
the course of Lectures which I (jngaged to give to 
th<i ISLm libers of the Ipswich Museum and their 
iriends.* And the ideas which 1 have enounced 
above have been cjirefully kept in view, in the 
oljject and in the details of every Lecture. 

I have endeavoured, in the first place, to point 
out lio‘v mindi of the fundamentals of Astronomy 
may bo obtained by the coarsest observation with 
the unaided eye. And here I would remark, tlmt 
the sci(*Ji(H> wliich is tlius obtained by personal 
observations is vastly superior (as far as it goes) to 
that which is obtained by any other method. The 
knowledge derived from Lcctui'es is exceedingly 
imperfect: that derived from careful reading is 
admiralile for its accuracy and fulness, but occupies 
the mind rather iis a train of internal ideas than 
as a series of consequences deduced from the obser¬ 
vations of nature: but that inferred from actual 
personal observation carries with it a degree of 
reality and certainty, as the veritable science of 
external objects, which nothing else can give. 

1 have endeavoured, in the next place, to show 

* Tho Lectures were originally deliyered at Ipswich, on 
Monday evening, March 13th, 1848, and the five following 
evenings. 
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that the instrumental conceptions derived &om the 
use of a coTomon gfohe are sufficient, in almost 
every case, for the understanding of the instruments 
in an Ohservatoiy; that the elements which are the 
subjects of observation with Astronomical instru¬ 
ments, are the same as those with which we are 
most familiar in the ordinary globe-problems; and 
that a person who understands the latter can proceed 
at once with the former. 

Afterwards, I have endeavoured to explain that 
the methods used for measuring Astronomical dis¬ 
tances are in some applications absolutely the same 
as the methods of ordinary theodolite-sm-veying, and 
are in other applications ociuivalent to them; and 
that in fact there is nothing in their principles 
wliich will present the smallest difficulty to a 
person who luis athmipted tho common operation 
of plotting from angular measures. 

The elucidation of tho theory of centripetal and 
disturbing forces is necessarily less complete. Still 
it appears probable that a general conception of the 
iiatui'e of the action of those forces, perfectly 
accurate as far as it goes, and sufficient to preserve 
tlie student from the gross errors into which many 
. persons have fallen, may be obtained &om explana¬ 
tions nice those here offered. 

The methods of ascertaining tho weight of the 
Earth and other bodies, are still more difficult of 
explanation; yet it is hoped that something may he 
done oven in these. 

The first conclusion, then, wliich I would desire 
to impress upon the student of Astronomy, who 
enters upon tho science with a tolerable under¬ 
standing of onlinary practical matters, is, that 
nothing is totally beyond his reacL Complete 
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knowledge of every tlieoretical and instrumental 
detail can only lie obtained by tliose who will 
devote to them a large portion of their lives; but 
sound knowledge of the principles of nearly every 
jjart, can be obtained by the reasonable clforts of 
])i*.r.sons possessing common opportunities for general 
knowledge. 

The second conclusion, however, is tlmt, easy of 
comprehension as ai*o the successive stops of Astro- 
iiomicnl investigation, the united succession of all 
is not to bo seized lightly. Let no one think that 
the ])i*oblcm, for instance, of the measure of the 
I'avtli’s (listance from the Sun, is to bo mastered by 
(iiio reading. Again and again must the student 
i‘etnm to it; again and again innst lie doubt and 
become convinced; again and again must ho trace 
bis ow .1 diagriuiis, and express the reasoning in his 
own language, before all the troubles (1 will not 
call tliciu diflicultios) arc overcome. And perliaps 
one ol' tlu‘ most valuable results to bo derived from 
a tndy intcdk'ctual study of Astrouojny is, the habit 
of keeiiing nj) a sustained attention to all the suc- 
ecssive ste]is of a long series of reasonings. Power, 
and witJi it ilignity, are gained to tlie mind by this 
noble exenuse. 

To those who will venture upon the study of the 
science in this connccteil way, I can promise an 
ample and imniiMliate ifward. It is not simply that 
a clear imdcrstaiiding is accpiired of the movements 
of the great bodies wliich we regard as the system 
of the Avorld, hut it is that we are introduced to a 
perception of Laws governing the motion of all 
matter, from the finest particle of dust to the largest 
planet or sun, with a degree of uniformity and 
constancy which otherwise we could hardly have 
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conceived. Aetionomy is pre-eminently the science 
of order. 

The immediate object of my Lectures would ho 
obtained, if they should be found to offer some 
facilities to those who, acting under the inducements 
to which 1 have 2dludod, may endeavour to obtain a 
connected and accurate view of the principles of 
Astronomy. But I should think myself highly 
rewarded if I could believe that the insight into 
principles thus obtained, would induce any one* to 
enter carefully into its details. 

G. B. AIEY. 

lUfyal Observatory^ Greenwich, 



POPULAR ASTRONOMY. 

LECTUEE I. 

Evidonoc for the apparent Rotation of tho Huarens round the 
Earth.—The Eqiiatoreal.—Ilufraction.—The Transit In* 
struiiicnt.—Thu Mural Circle.—Mode of Observing. 

B EPX)lil 5 eTiieriiig upon the subject of my proposed 
course oJ‘ Lectures,* it may perliaps be desirable 
that T should state, in iis brief terms os possible, the 
views .vdiich have iiiducoil me to deliver them to the 
mem hers of this Institution. When it was intimated 
to me tliJit the oifer ol* the course would be desirable, 
and whtui 1 felt that my compliance would show my 
«^ood will to the Museum, I <;ould not help thinking in 
the iirst place, that I should be in some sliglit degree 
departing from the inteiitiojis and objects of th(i Tnsti- 
tutiou, though in the next place, 1 was cerhiinly 
inclined to the o]>iiiion that such departure would be 
more imaginiuy than rciaJ. 1 thought that Lectures on 
Natural Philosoj^hy would seem to be hardly proper 
in an Institution intended for Natmtd History; but 
still -1 was convinced tliat their subjects were so 
closely connected, that the habits of thought which 
they indiK'.ed, and the mode of treating them, were 
so similar in many respects, that what applied to the 

* Tho oirnumstanceB under which these LeotuieB were 
origiiiail 7 delivered are explained in tho preface. 

B 
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one would, in a great degree, apply to tlie other. 
Indeed, 1 felt that most persons would he better 
prepared for the study of Natural History generally, 
by the study of Natural Philosophy in its various 
branches, than if they were in ignorance of tine latter. 
Put there were other considerations connected witli 
the desire 1 have entertained to deliver these Lectures, 
not so much allied to the subject of Astronomy as 
matters of private feehng. I have been peraonally 
long connected, not with the town of Ipswich pre¬ 
cisely, but with the neighbourhood. I remember, 
with gratitude, that the first time I was shown an 
astronomical object of any great interest, it was 
exhibited to nj(j by the founder of the mechanical 
and manufacturing Institution wliich has now risen 
to such great importance in the town of Ipswich. It 
was by the elder Mr. Eansomo that I was first shown 
the planet Saturn, with a telescope manufactured by 
liis own hands. And I may add, that the first 
Nautical Almanac I possessed, was recedved as a 
present from a gentleman then I'csidiiig in Ipswich, 
who has now risen to great eminence in the Metro¬ 
polis as an engineer. From these and other circum¬ 
stances I was desirous, when the opportunity should 
occur, of offering to the members of the Museum, or 
to any other similar body in the town of Ipswich, a 
course of Lectures on Astronomy. 

In offering them to the authorities of the Museum, 
I made but one remark—^that I understood it would 
be perfectly agreeable to the members of the Institu¬ 
tion, and that if such were the case, it would be tilso 
exceedingly agreeable to myself, that the regulations 
for the attendance upon the Lectures should be framed 
in such a way as to give facilities of introduction to 
persons concerned in the mechanical operations of 



LFXTUItE I. 


8 


the to^viL And here I must hog to say, that the 
alliance hetwoon astronomers and meclianics is much 
closer than it may seem to he at the first view of the 
matter. Astronomers have to roly very closely upon 
Tiioclianics for ovoiy part of the a])paratus connected 
with their operations. Possibly mechanics have 
derived something fixim their connection with astro¬ 
nomers; hut at all events, I am certain tlie debt 
is on the other side. I may adduce, as a jinietical 
instance, that the last instrument erected at the llnyal 
OhstTvatory, (l^reenwich, and to which 1 attach great 
iniportauee, was construeied hy the uieeliauies of 
l]»swich; whilst I am at thopivsent time in negotia¬ 
tion with one (»f the mechanical estahlishments in 
the town, for another instrument ‘■»f conaidoiuhlo 
impoTtaiK'O in asironomicul ohaorvations. To this 1 
mav add, Hint the whole of Aslrouniny is geoimdrioal 
in its ehameter, and tliat a givat part of it is inecbani- 
cal. I im*ntion ih<*si* thiiigh to show that the alliance 
hotween aslifULomcrs and mechanics is very close 
indeeilj and this heing the fa«d, 1 shall endeavour 
to do for the nu^clumics the best in my ])Owei*. What 
I olleT on this oec.tsion will he ollered vnih hearty 
good will, and if the L(*e„uT(\'> he n(»t successful, I 
lioi)e th(* failnie uill have arisen from no fault of 
my own 

I*crljjip-< 1 may he allowecf to make aiiotlier remark. 
1 should to invite cs-fM'cially the attention of 
those* who are coiinnonlv called working-men, to the 
few Ja'ctni’Ch T pi()])ose to deliver. The subjects 
u]>on which 1 have to treat are commonly regarded 
as ratlu'i beyond their reaeli; 1 take this opportunity 
of saying tlmt the subjects of the Lectures will not 
he beyond any working-man’s comprehension. Every¬ 
body who has examined the history of persons oon- 

B 2 
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cemed in the varioufi branohes of science, has been 
enabled to leam that, whereas on the one hand those 
who are commouly called philosopliers uiay he as 
nairow-imndod as any other class, and as little in¬ 
formed ; so on the other hand, those who have to 
gain their daily livelihood by handicraft, may asso¬ 
ciate their Taades or businesses, whatever they may 
be, with accomjJishmeuts of the most perfect ami 
the most elevatc'd kind. I think, ilien, it is ri^ht I 
should repeat, that iliese Lecturc>s iirill he directed in 
some mcosui'e with the object of being peifoctly com¬ 
prehended by that class of peo]de. It ih not my 
object, however, to deal with wluit may be called the 
^picturesque in astronomy. I have ])roposiHl it to 
myself as a special object, to show what may be com¬ 
prehended, % persons i>oHsossmg common under¬ 
standings and oi'diuary education, in the more (Oevatod 
operations of astronomical science. The Lc'ctures 
will he, therefore, of what I may call a matheinatical 
kind. But in speaking of tliis, 1 beg tliat the ladies 
present will not he startled. 1 do not mean to use 
algebra or any other science, such as must he com¬ 
monly of an unintelligible character to a mixed 
meeting. Wlien I use the wonl matJupinatical, I 
mean that it wiQ he my object to show how the 
measure of gimt things may be referred to the measuio 
of snudler things; or to sum up in few words, it 
ihill he my object, in an inteUigihle way, to sliow the 
great lea^liiig steps of tho process by which the 
distance of the sun and the stars is ascertained by a 
yard measure—^the jirocess by which the weight of 
tlie sun and the planets is meosiux'd by the pound 
weight avoirdupois. Occasionally I shall he prepared 
to go into details; hut my principal husiuess '^1 be to 
I show the great steps upon which those who wish to 
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study Astronomy may enter, and by which they may 
attain a geiK^ial coTni)rpliension of the rules which, 
will lead them from one step to another. 

I sh.dl now proceed with my suhjectr 

We will consider what are the general phenomena 
of the motions of the stars whicli are to be observed 
on any line night. I must observe in the first place, 
that 1 shall use the term cAitft to denote the whole of 
the hoi izon extemling from the north ]iolnt, through 
the efWt point, to the south point; the term wed to 
denote the whole of the horizon extemling from the 
soiitli ])oint, through the west point, to the north. 
.Now, if we look <»ut on any fine night, the first 
general fact tliat wo observe is this—^by watching 
ttiat eastern horizon from time to time, through the 
whole ext(*nt from north to south, we see stars are 
1 ling ; and by watching that W 08 t(*m horizon from 
time to time, tliimigh the whole extent from north to 
south, we see thst sttirs are setting. By looking out 
at diilerent times in the course of an evening, you 
will see tli<‘SO things as I have pointed out. Ihe 
next general fiict whieh you will observe is this— 
that the stais de not rise perjiendieularly. They rise 
'obli(]iielv; and those wliicli rise near to the south or 
near to the north rise very slantingly indeed. Those 
nearest to the east rise at a certain slope, which is 
different for every different jiloce upon the earth. 
Those whicli set near to the north or near to the south 
set very slopingly; those which set nearest to the 
west set with a sharp incline. This is the case so 
far as regards merely the rising and setting of the 
stars. But if you trace the whole path of any one of 
these stars, it describes such a course as the following. 
Jt rises somewhere in the oast, in the sloping direc¬ 
tion 1 have described; it continues to rise with a 
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patli becoaiing moie and moie bjorizontal, till it 
reaejies a certain height in the south, whore its 
course is exactly horizontal j and then it declines hy 
similar degrees, and sots at a place in the west, just 
as for from the north point os the place where it lose 
in tho east. If you select a star that has risen iioar 
to the north, it takes a long time in rising to its 
greatest height, it rises to a higher place in the south, 
and sots hy the same degrees. Ijostly, if you look to 
the north, and give your attention to those stars 
wliich are fairly ahovo the hoiizon, you find the stars 
going round and desenhing a couipleto circle : these 
stars ore called ciicuniXKilar. 

Here I would remind my auditors that it is 
necessary, in order to understand a Lecture upon 
Astronomy, that they should have a little pievious 
knowledge of the science—^that they should know 
the names and situations of some of the mom con¬ 
spicuous stars, otherwise it will ho impossihle for 
them to proceed. 1 therefore assume that a poition 
of my audience possess this requisite knowledge. I 
presume you know which is the Polar Star; I presimie 
also tliat you know which is the Great Bear. Now, 
these are objects of such importance, that nobody 
ought to think of entering an astronomical lecture- 
room who is not acquainted with them. There is 
another star remarkable for its brilliancy, which is in 
this couutiy circumpolar, called Capella; and there 
is another star, wldch is also nearly circumpolar, it is 
the bright star in the constellation Lyra. 

Now I will call your attention to each of these in 
suocession, THI Polar Star is one which, roughly 
speaking, does not change its place during the whole 
night. Whenever you look out you iind it in the 
same place, But speaking a little more accurately, 
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it does change its place and xnoye in a snudl circle. 
If you examine the stars of the Great Boar, you 'will 
observe that they turn in a circle considerably larger 
than that of the Polar Star, but they are still visible 
iu the whole extent of the circle, and they turn com* 
pletoly round in it, without descending below the 
horizon. If yon examine the next bright star Capella, 
which you Will find on the globe in '^e constellatioii 
Auriga, you will find it describes a circle also, of 
which the I’ole Star is apparently the centre. It 
goes very near the horizon when lowest in the north, 
and uluiosi over our heads when lowest in the south. 
1 f yon examine the movement of the last, of the stars 
7 have mentioned, namely, the blight star in the 
constellation Lyra, you will iind it moves in such a 
cir(‘lc tliat it as nearly as possible touches the horizon, 
in liie south of England it just descends below the 
north horizon; here (at Ipswich) it does not, hut it 
2)a88(*s so near the horizon that it can rarely be seen 
in tile north. 

Thus, if we hx a straight rod in a certain standard 
direction, ])oiutiiig nearly, but not exactly, to the 
PoliiT Star, we find that the stars which are close in 
the direction of tliis rod, as seen by viewing along it, 
describe a very small circle; the stars further from it 
describe a larger circle ; others just touch the northern 
horizon ; whilst, in regard to others, if they do 
describe a whole circle at all, part of that circle is 
below the horizon; they are seen to come up in the 
oast, to pass the south, and to go down in the west, 
and they are lust below the horizon from that place 
till they rise again in the east. Those are the fiinda- 
mental phenomena of the stars. It is important 
that any person, who wishes to understand Astro^ 
nomy, should look into the matter, and see with his 
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o#n eyes that the stars really do partake of these 
motions; that the Polar Star does nearly stand still; 
that the stars at various distances from the Polar 
Star, do move round in the way I say, one in a circle 
of one size, and another in a circle of another size: 
that others do move round in circles still lai^cr, so 
that at their lowest points they just touch the north 
horizon’; that others move round in circles so largo 
that the lower part of these circles is lost, whilst tlie 
higher part rises above the horizon. It is of impuiir 
ance that anybody, who wishes to understand 
Astronomy thorougldy, should look out, and see for 
himself, that these things do happen in the way 1 
have attempted to describe; by the observations so 
made, he will acquire a conviction of the truth far 
dee{>er and more lasting than from anything that can 
be ^inted out in a course of Lecture's. 

From observing the way in which these motions 
take place, that we may assume one point of the 
sky as a centre, and tliat the movements.of the stars 
are of such a nature that they will appear to turn 
round that one centre; the first idea that naturally 
OGCu^is, that the starry heavens, as we see them (1 
do any precise meaning to that tenn), or a 

shell in which the stars seem to he fixed, do turn 
round an axis. It is necessary to show that this is 
supported by accurate means of observation. Now 
there is one instrument in use in the best Astro¬ 
nomical Observatories, which is specially intended 
for the elucidation of this phenomenon—it is the 
instrument called the EquatoreaL 1 should he glad 
if some of the wealthy manufacturers in this town 
would set up an l^uatbfeal instrument. The 
^ilquatoreal is an instrument, which, in one form, is 
represented in- Figure 1 . It turns round an. axis 
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AB, and the axis is placed in that direction wMch 



leads to the point of the sky around which the staxe 
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ailpear to tiun, and which is not iai from the Polar 
Sto. The axis being adjusted with great accuracy 
in that direction, the msirumont turns round that 
axis, and it carries the telescope CD, wliich, of 
course, so long as you give it no other motion, 
retains the same inclination to that axis; but to 
which you miiy give another motion, so as to place 
it in difltnrent positions, as C'D' or C''D'', directed 
to stars in difieront parts of the heavens. The 
instrument, then, is emidoycd for the puii)Oso of 
giving evidence as to the motions of the stars. It 
is used in this manner. The telescope is dii'ected to 
any one star, luid then by turning the instrument 
round the axis, it is found, that without any altersr 
lion in the position of the tele 8 co])e in relation to 
the axis, the telescojie wUl follow the star from its 
rising to its setting. And it is the same wherever 
the star may be, whether near the Pole, (in which 
case the telescope is in such a position as C'D', very 
little inclined to the axis,) or far from the Pole, (in 
which case the telescope would be much inclined to 
the axis, as in the position of C'D'',) upon turning 
the instrument round its axis, the telescope stiU 
follows the star. This is a fact of accurate obser¬ 
vation, for the confirmation of which this kind of 
astronomical instrument is peculiai‘ly adapted. In 
,jbhis way it is established as a genei^ fact, that all 
^he stars move accurately in circles round one centre. 

But there is another important thing to discover— 
with what rapidity do the stars turn? Do some 
travel quicker than others? Do some go quickly in 
one part, and slowly in another? Now, we have 
most accurate moans of determining whether the 
speed be irregular or uniform, as rega^ the sj^KJed of 
any one star in any port of its motion—^whether the 
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speed be irreguLur or uniform, in eomparing the spe^ 
of one sttvr with the speed of another star. I think 
that the best criterion which 1 can give is by a piece 
of mechanisiu wliich has been contrived, and applied 
to this purpose. (See Figure 2.) The best £quato> 
reals are furnished with a racked wheel attached to 
the axis, in wliich works an endless screw or worm, 
as at E, Figure 1, By turning it, th^ whole instru¬ 
ment is made to revolve. This wonn, or screw, is 
turned by an apparatus which is constructed expressly 
ibr uniform movement. Various contrivances have 
been used for making this motion as uniform as 
X)ossiblo. The one usually adopted, with some modi¬ 
fications (os represented in Figure 2), depends on the 
use of centrifugal balls AB, similar to those wliich 
arc used to regulate the motious of steam engines, 
iivery body knows well that whuling these balls round 
by the rotation of the axis Cl), to which they are 
attached, causes them to spread out. When the 
speed has reached a certain limit, the spreoiling out 
of these brings the moving parts, as at £ and F, into 
contact with the fixed parts GlI, and produces a 
degree of friction which prevents further acceleration; 
and thus a uniform, speed is produced, with very 
groat nicety. Tins contrivance is in constant use on 
my Equatoreal at the present time. You will observe 
it is essential to have a macliine moving uniformly. 
In the motion of a common clock, though the move¬ 
ment from day to day, from hour to hour, and from 
luinute to minute, is uniform, yet it is not so with 
the smaller divisions of seconds: the clock works 
with jerks, and does not go uniformly. Now the 
machine here is going on without any jerks—^with a 
smoothness and uniformity scarcely to be obtained 
by any other apparatus. In all the l^t Observatories 
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in Greenwich, Berlin, Paris, and all others of any 
importance, this aj)pai'iitiis is used; in liwt, it is 
used also in all the leadiii" private f)haervatorics, 
and tlic clock work wLicli I now exhibit is lM)TTowed 
from a private Ohservalcny—from the Oi)«<*rvatoiy of 
Dr. Leo. A s])indle KL from this aj)par>itus is 
attached to the worm which carries the Eejnaton^aL 
It makes the tel(‘“cope of the Etpiatoival revolve 
round the axis iinifonuly, and it thus f^ives us the 
moans of asc(*rfc.‘iiiiiii^, with tlie utmost cxiictncss, 
whether it he line, or wheth<»r it h(‘ not true, that all 
the Sim’S <lo niov(» with eipial angular s]>eed around 
one imaginary axis. When tliis machinery is in 
play, the teloscoiM* is adjusted, and point(*d to the 
star. Whether it he turned to a star ni‘iir tlie Pole, 
or to a Slav at a distance from the Vole, th(‘ ('IVeet is 
tin’s—^tliat the stsvr is constantly seen in the field of 
view of th(' t(*Iesc()pe—the telescope tui*ns just as 
fast as the star moves. 

Observe now the it^sults obtiuned from these* things, 
first thing 1 mentioned was, if the teleseojio Imj 
nirectod to a stiir, and the instrument he tnnied, it 
tollows the star in the whole of its ooiivso. Vhe. next 
Tosult, which is ]>ai*ticularly connected with the nse 
of this nuudiine, is, that the same uiiifonn motion 
round the axis follows any of the stars^.’wlwievep you 
.select them. This is the same as saying that the 
stars move, as it were, all in a piece; and wlien you 
come to examine how it hears on Astronomy, you 
cannot attach too great an importance to these results. 
It is indeed the gmit and fundamental prineijile of 
Astronomy, that the stars do move as if th(*y were 
jattachod to a shell, or in other wortls, that they move 
^all in a piece. As to the explanation of that, 1 shall 
mot trouble you at present. I simidy call attention 
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to the fact, that the stars move all in a piece—either, 
tliat they are connected "with some one tiling tinning" 
upon an axis, or that they stand still while the earth 
turns round an axis of its own; one or other of these 
tilings is certain. 

Having now come to that result, as one which is 
generally established, I shall just mention a slight 
departiiKi from it. Perhaps you may be suiiirised to 
hear me say the rule is established jus tnie, and yet 
ther(^ is a departure from it. Tliis the way we go 
on in science, as in evciything else; we have to 
make, out that something is true; tlieii we find out 
under c(jrtaiii oirc.umstances that it is not (piite true; 
and then we have to consider and liiid out how the 
departiue can be explained. Now this is the fact. 
AVlu‘i we hav(; a telescope of considerable povrer 
attuclied to the Eijuatoreal, so that we mm see a small 
departuiv from the centre of the teJesco])© in the 
position of the star Vo ai’e looking at, and wlien we 
trace the crairso of that star down to the. horizon, wc 
find this as the universal fact—that though the in¬ 
strument be set up as cai’efnlly as piissible, yet the 
star is not ijuite so near the horizon as wo are led to 
expect. What can the cause 1x5? There is a con- 
si<le7*ation th;it explains it perfectly—it is what is 
calliid refraction. 

Ill oiihii* to see what refraction is, wo may advan¬ 
tageously examine iv.fraeti(jn on a larger scale. In a 
loom generally darkened, let a lamp be introduced, 
as at A, Figure 3, and let it shine througli a hole B 
in a screen Cl), so as to produce a sjiot of light E on 
the wall. I^laee in tlie course of that ray of liglit a 
trough E, whose sides are pieces of plate glass. Now 
poui’ some wattT into the trough, and see what elTect 
it produces. You will observe that the light is 
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immediately thrown to the top of the wall, as at G. 
If the hole in the screen he so lai^ge that it is not 
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entirely covered hy the trough, there will still 
remain a little light on the wall below, which shows 
the original direction. You will now see how much 
the direction of the light has been diverted by the 
action of the water in the trough. That eflect is 
produced by the refraction of the water. It did not 
exist before the water was there, but it docs exist 
now that the water is in the trough. I will now 
show the bearing of this matter on the subject of the 
disturbance in the position of stars. Figure 4 repre¬ 
sents the prism of water we have been looking at. 
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The effect of it is this—^a beam of light, coming in 
the direction of the line AB, does not pursue its 
original direction, but when it is received by Ihe 
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fciism of water, it is turned in the direction'CD. If 
Kou examine the prism, (as it is usually called in 
^ptics, meaning the same form as that of a though), 
I you find that the point of it is downwards—^the effect 
of it is that the beam of light which comes in this 
direction AB, is turned in tlie direction CD, or more 
upwards. There is a rule on this .matter, which is 
f thus expressed—^that the course of the light is always 
turned to the tliicker part of the prisi% Or if you 
observe what is the bending of the light at the two 
surfaces of the prism, this is the way in which it may 
be expressed—^when the fight comes from the air into 
the water, its direction is bent more nearly towards 
the direction of the line which is perpendicular to the 
surface—^when it goes from the water to the air, it 
is bent further from the perpendicular.* In the 
]>aTtif"Liar use of the prism, with its point down¬ 
wards, these two things are combined in such a 
manner, that at each of these surfaces the direction 
of the beam of light is bent upwards. Of course you 
wiU infer that if the prism were turned in the oppo¬ 



site way as at Figure 5, so that its point was upwards, 

* The reader is particularly desired to remark that the word 
perp^ievlar docs not mean perpendicular to the Aomon, or 
vertical, unless it is so expressed. 'When the expression 
perpendicular to the surface of the glase is used, it tnaang what 
a workman would probably call square to the surfaee of the 
glase, vertical direction at any place is that of a plumb- 
line hanging there, or perpendieiAir to the eui&ce of still 
water. 
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tlieii the coiu«e of the light would he bent downwards. 

Now^ as regards astronomical observations, we 
have no water or glass concerned; but we have a 
thing which produces refaction, and that is atmo¬ 
spheric air. The common air produces reimction. 
The visible exliibitiun of this refraction is one of 
those nice experiments which I cannot attempt to 
exhibit to an audience Hhe this. But it may be 
shown in vaiious ways ; as, for instance, by forming 
a.prism of glass, and compressing more air into it; 
or again, by exhausting the air from it. It is shown 
that tlie eifect of air is precisely the same in kind as 
the eAect of water, though much less in degree. It 
may he stated as a general law, that where hght 
enters from external space into air, or into water, or 
glass, or diiimond, if you please, or any other tran¬ 
sparent substance—^wliore light enters from external 
space into any one of these substances, its course is 
bent in such a direction that it is more nearly 
perpendicular to the dividing surface than it was 
before.' iTow, having laid that down as a generfil 
law, let us see what its application will he to atmo¬ 
spheric air. In making astronomical observations, let 
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earQi) oovered by atmospbeie—the. black part bemg 
the earth, the dusky part the atmosphere. Suppose 
a beam of light is coming in the duection A'R &om 
a star, and suppose that at B it comes on the atmo¬ 
sphere—^it is coming then here exactly under the same 
dicumstances in which in Piguie 5 the beam of light 
comes upon the sui&ce of the prism. According to 
the law which I have just mentioned, it will be bent 
in such a manner that its direction aftOT i^has entered 
the atmosphere is mg re nearly .p_eg)endiculait^ta.4;he 
bounding surface than before. Ther^ore, in conform¬ 
ity to that law, it is bent in the direction BC, and it 
reaches the eye of the observer at C, in the direction 
BC. If you observe the relation which the second 
line BC has to the first AB,'you will see it is more 
^nearly perpendicular to the horizon; or, standing at 
:,C on the surface of the earth, you have to look a 
little higher to see the star th^ if you were on the 
outside of the atmosphere, at B; or the star, in con-, 
sequence of the action of the atmospherej appears, 
higher. - Now this I have mentioned would be the 
case if the atmosphere h ad a defi:qiiteJ>c ^dar y. and 
were uniform throughout its exteirt^Tlbat the same 
thing takes place if the atmosphere has not a definite 
boundary, and vanes in density from stratum to 
stratum—the same effect takes pl^ firom one stratum 
of the atmosphere to the next.* 

* Thna, if we tajipose the 
atmosphere to oonsiBt of a 
series of parallel beds or straU^ 
Be, cd, de, &o. each of whidiis 
of uniform density throughout, 
the ray AB faUing on the 
boundary BD 6f the upper-i 
most stratum will be bmt ia 
the direction Bo, so as to he 
more nearly peipfendicular to 
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£l this maxuier we find there is a rational explana¬ 
tion of this too great olevation of the stars. *Taking 
as foundalion the established law of optics, deter¬ 
mined by experiments on glass and water, and 
computing from this what ought to bo the deflection 
of light, and what ought to be the elevation of the 
star produced by the refraction of light by the 
atmosphere, and applying that as a correction to the 
observationi|madc by the Equatoreal Instrument, of 
which I have spoken, it is proved that the whole 
thing comes quite right—that the stars move exactly 
Jn circles, not approximately, but (as far as the 
hiunan eye and instruments can discover) px og^ aa 
if Jih ey t umed uniformly round one iniatrinaiy axis. 
This is ^e grand fact which must be regarded as 
the foundation of astronomy. 

T shall now mention, in as few words as I ran, 
how obdervations of all kinds are made, and how 
upon these observations the most accurate astro¬ 
nomical determinations are based. In the first 
place we will show the use of the telescope, and 
how it is used with wires in the field of view. The 
instrument thus fitted up is not used for mere 
gazing, but for accurate observation. If you go 
into an observatory, and look into any of the tele¬ 
scopes, you wiU see a set of bars. It will be perhaps 
beyond your comprehension what these bois are, 
and what they axe for. Stars axe seen to pass these 

BD. Again, when it reaches cE, the bonndaiy of the next 
stratum, it will in like manner be^ bent in the direction od. 
The same thing will happen every time it comes to the bound¬ 
ary of a new stratum; and at last, when it roaches the earth's 
somoe at C, its direelion will be Cg. The star, instead nf 
appearii^ to the observer at A, wfil consequently he seen a1^, 
in the diction of Gg. 
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as if the stars and the hara were at the same dislance 
from the eya Those bars ore in reality fine cobweb 
threads, or something of the kind, fixed in the 
telescope veiy near to the eye. Perhaps Figure 7 
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Tihiy serve to illustrate the construction of the tele- 
S(‘opc. Tlierc is no tube; but that is iopi^teriaL 
At A is what we call a lens, that is to s^, a piece 
of gloss conyox on both sides, and therefore thickest 
in the middla It is here supposed to be fixed in a 
hole in a wooden screen MN. The property of this 
lens of glass is, if there be a luminous object in the 
distance, it collects all the light from that object; 
and instead of sufferiiig it to go out in a broiid sheet 
of light, it makes it contract so that the light &om 
each point in the object is collected at a corre¬ 
sponding point on the screen; and therefore all the 
corresponding points of light on the screen, which 
belong to the original points of light in the original 
luminous appearance, when put together form an 
image which is exactly similar to the original object. 
The image, howeyer, is turned upgida«d<nEn, because 
the light which comes firom the upper pai* of the 
luminous object and goes through the lenij, passes 
downwards towards the lower part of the scinen KL. 
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ThiBM properties of a lens can easily be proved by 
expenments with a common burning glass, or a 
re^ng glass, or spectacle glass, such as is used by 
elderly people. 

Suppose, now, that the stand GH is placed on the 
south side of A, and that a lamp is slid edong it suo- 
cessively from B to C, D, E, and F. This movement 
exactly imitates the apparent movement of the stars 
as they pass across the south, travelling from the 
east to the west. The effect of it is, that if the 
.screens are placed at proper distances, a spot of light 
is seen on the screen KL, moving in the opposite 
direction, as fr»m &, successively to c, d, c, and /. 
JN'ow, if there are ti^ed upon KL a set of bars or 
dark wires, the spot of light passes over them in 
succession, first over one and then over another. 
Kow tl^ is truly and veritably an astronomical tele¬ 
scope. At A is the lens forming the image of the 
star—on KL is the set of wires in the field of view— 
if you placed an eye-glass on the other side of KL, 
and viewed the wires with it, you would have a com¬ 
plete astronomical telescope. This is the arrangement 
by which astronomical observations are reaUy and 
t]^y made. Every astronomical telescope intended 
for accurate observations, is fitted up 
this kind. 

On looking to the south with the naked eye, the 
star travels from right to left. But on looking into 
the telescope with an eye-glass, as on the other side 
of KL, the image of the star is seen travelling from 
ri ght to l^ t \ and its speed is so much magnified by 
^the magnifying power of tiie telescope, that &e motion 
is sensible and even rapid. It goes over the bars in 
succession^ and one of the duties of the observer is 
Jx) note the time at which it passes over every one of 
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these, and to ti^o the mean or average of all, so as 
to diminisli the error of a single observation. Having 
shown the way in which the transit of the star is 
observed over a series of bars, I proceed to point out 
the way in which it is made useful for llie deter¬ 
mination of some of the most important points in 
Astronomy. 

ITirst of all, I wish to point out what is the thing 
we want to do in representing the position of the 
stars, and what are the general principles of fixing 
that })ositic)n. There is a term we use in mathematics 
—co-ordinates; it is a word not used in common 
language, and 1 would avoid it if possible; but it is 
necessary to use some word which will convey the 
idea; and its meaning will be perfectly intelligible 
if you consider how you are to represent tlm position 
of anything whatever. Suppose that we l^N^ before 
IIS a celasti^ gl()be, with stars and other objects upon 
it. How are we to define the positions of those? 
The thing to which T desire to call your attention is 
this—^that where wo have anytliing of a surface, real 
or imaginary, we must have two elements of some 
kind to define the position of any point upon it. In 
Figure 8, suppose that AB represents a wall \ D a 





speck of dirt upon it. I want to define the position 
of that speck of dirt What could I do $ 1 op^d 
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measure the distance AC horizontally from one end 
of the wall, and CD verticaJly £rom the floor. That 
would deflne it accurately, and I could write down 
the measures in figures, so that a person at any dis¬ 
tance could make a sped^ in a position exactly similar 
on another wall 1 might do it in other ways. I 
might measure the dist^ce AD flx)m -the coiner A, 
and the distance ED firom the comer E, and describ¬ 
ing circles with these sweeps in my compasses fl'om 
each comer in succession, 1 should be able to find 
exactly the position of that speck of dirt I might 
do it in another way, too. 1 might say, if I go fom 
the comer A to that speck of diit D, distance is 
so many feet, and the inclination of tlie line AD to 
the horizon is such an inclination as 1 can represent 
^That woi^d do. But, in whatever way I do it, I 
^ust measures; there is no way in which 

It is possible, in the nature of things, that the posi¬ 
tion of that speck of dirt on the wi^, or the position 
of a star in the sky, can be represented, except by 
two elementa 

JSTow the question presents itselfi What are the 
two elements most convenient for representing the 
position of a star in the heavens) There are two 
elements which, ever since accurate astronomical 
observations began, have been fixed on by all astro- 
nomeis as the most advantageous. One is thus 
d^cnbed: supposing we can fix on the imaginary 
pole or place of rotation of the stars, then one element 
is the d^tance of the star, as measured from that pole 
in degrees. 1 will speak in a short time of what is 
really meant by a degree. The other is, supposing 
the celestial globe, or the sphere of the heavens, to 
turn round an axis, as we have shown it does; then 
the question is, how fear has it to turn from a certain 
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rposition before that star, whatever it is, comes under 
!the meridian. If wo can write down in figures, (for 
‘these are the things by which alone we can preserve 
a satisfactory reco^)—^if we can write down in figures 
how Ikr the globe has to turn &om a certaia position, 
till any one star comes under the meridian of the 
globe, or under the imaginary meridian which passes 
over our heads; and if at the same time we can tell 
■liow far the star is from this pole, round which the 
whole of the sphere turns, we can fix the place of the 
star. These are the two co-ordinates. 1 pray your 
attention to these things, which ace necessary for 
.determining the position of a star—one, how far the 
' globe must turn before the star is, on the meridian; 
the otbe>', what is the measure of the distance team' 
the pole of the heavens to the star at the t|^e when 
it does come on the meridian, or, indec)%,at any 
other time, as that distance does not sensibly change 
in a day. 

The thing to which I would first direct your 
attention is, the way in which we ascertain how far 
the globe must turn before the star comes into the 
meridian, figure 9 represents what is called the 
'Transit Instrumentw It is an instrument in perpetual 
luse in every observatory. You see the instrument is 
.‘not adapted to gaze at all points of the heavens; in 
ordinary use it can be turned round the axis AB, and 
has no other motion whatever. Kow, what we wai^t 
to do with this transit instrument is, to supply the 
' place of the brass meridian of a common celestial 
globe. We cannot put a brass meridian over the 
^heavens, or over our heads; but we want to make a 
jtelescope move in such a manner that the line CDE 
ipassing along the telescope,and prolonged to the starry 
(heavens, sh^ exactly describe a curve resembling 
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the brass meridiaiL Consider, now, the yarious 
conditions necessaiy. First, eyeiy person who is 
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acquainted with the colestial globe, knows that the 
brass meridian ought to be peipondicular to the 
fhorison; for securing that condition in the curve 
idescribed hj the transit instrument, the two points 
^AB must bo exactly leveL In the next the 
, brass meridian of a common globe is not what is 
'called a small circle, but it divides the globe into two 
itequol parts. For that puipose it is necessaiy that 
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■the telescope CD should be suiaie to its axis 
iTlie astronomer ascertains whemor it be truly square 
.or not, by looking at a distant mark, first with the 
pivots -A,B, of the instrument resting on the piers a, 6, 
and then with the axis turned over, so that the pivots 
A,B, rest on the piers 6, a. If the telescope points 
equally well to mark in both positions of the axis, 
the telescope is tinly square to its axis. The third 
condition is, that when the axis is level, and the tele-. 
scope is squar e to its axis—on turning the instrument^ 
round IfTsEsig^tlieTine CDE shall pass through thet 
pole of motion of the celestial sphere. Now, the way 
of obtaining this condition is as follows We take ‘ 

advantage of that admirable Polar Star, which ik^^ 
blessing t o astronomers of the northern hemisphere. 
Tlie P<.jlar Star, as I have said, turns round ^ike the 
rest, although in a small circle. Let FGHIKL 
represent the circle in the sky in which the Polar * 
Star turns round in the order FGHIKLF. Suppose 
that in turning the transit instrument round its axis 
AB, the line CDE prolonged will trace on the sky 
the line G1 or FK, as the case may be. The Polar 
Star in its revolution passes that line twice. Now, 
what we want is, that that line CDE, carried on to 
' the sky, should be so directed, that in the motion of 
;the telescope it should pass exactly through ib® 

^ centre of the circle which the Polar Star describes, 
iand therefore that it should divide into two equaj 
lialves the circle which the Polar Star describes, 
ascertain it in this manner. We can measure the 
description of the parts of the circle of the Polar Star 
by time. One of the most important parts of the 
apparatus by which that astronomical observation is 
made, is a clock, llie clock should go well, and 
should beat loudly and distinctly. The astronomer 
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i>f)seiy6s tlie Polar Star when it passes the transit 
instrom^t at its upper passage, as at K, and also 
when it passes its lower passage, as at P. If these 
are twelve hours apart, we know that the transit 
instrument is in its proper position. For as the star 
describes the whole circle in twenty-four hours, if the 
times of passing at F and K are twelve hours apart, 
thm must be exactly half the circle between them, 
and therefore the Hue FK must pass through the 
centre of the circle, or through the Pole of the 
heavens. But supposiug the transit instrument were 
a little out of position, so that the line, described by 
CDF prolonged, would be GI, then the star would 
l^iquire more than twelve hours to ^ass from its 
visible upper passage at I, through KLF, to its 
visible lower passage at G, and fewer than twelve 
' hours to pass from its visible lower passage at G, 
' through H, to its visible upper passage at 1. In this 
manner we are enabled to adjust this transit instru¬ 
ment to its position with Ijie utmost accuracy. 

Having explained the manner in which the transit 
instrument is placed accurately in its proper position, 
I will now explain its use. 1 will assume you are 
looking to the south. The observer stations himself 
at his transit instrument, not looking at all parts of 
the sky, but waiting to observe the stars as they pass 

t meridian. The clock is going all the time. A 
is seen to be approachhig the meridian: the 
nrver directs the l^escope so as to observe the 
when it actually crosses the meridian, and then 
iooks into the telescope. In the telescope he sees 
the wires, and sees the image of the star travelling 
^ong,, and he observes the passage of the star over 
je^ery wire. Just before the star begins to pass, he 
Uooks to the clock face fpr the hours and minutes, 
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and lie t hen listem, to. Jbeaji$ 

iseco^^ds—intfiSt manner he gets the hoar, the 
jminute, the second, and the fraction of a second, at 
■Which that bright star passes every wire, and by 
/taking the mean or average of these, he finds the 
(time at which the star passes the meridian. He looks 
agom, and he sees a planet coming into the field of 
view. He directs his telescope to that planet, and 
in like manner ho gets the time by the clock at which 
that planet passes the meridi^—the hour, the 
minute, the second, and the fraction of a second. 
He sees another star. The telescope is moved to the 
proper position—^he notes the time in the same man¬ 
ner, and ho finds the hour, the minute, the second^' 
and th( fraction of a second, as before. Another 
star comes in the same way. Such is the duly^ which * 
a transit-observer has to perform—the watching of 
objects which are passing the meridian in endless 
succession. He has this instrument, which is con¬ 
fined in its motions to the meridian, and which admits 
of no other motion; ana the clock, by which he 
notes the hour, the minute, the second, and the frac¬ 
tion of a second ; by tlie use of the various wires, he 
observes the time at which the object passes each 
wire; and by taking the mean of all, he finds very 
accurately the time at which the object passes the 
meridian: such are the duties of the transit-obseiver. 

The next thing is to ascertain the elevation of 
object when it passes the meridian. How before we 
enter upon the use of the Mural Circle, 1 must offer 
a word or two upon Geometry. I dare say everybody 
hc^, like myself, has in his time, studied books con¬ 
taining measures—so many barleycorns make an inch, 
so many inches make a foot, so many feet make a 
yard, etc., as well as so many yards make a nule, 
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and so many miles moke a degree. But the publica¬ 
tion in a hook of measures of such an expression as 
"69 miles make a degree” is in the highest degree 
reprehensible, os giving false ideas on one of the most 
important expressions in science. ]So schoolmaster 
ought to introduce books into his school, teaching 
that 69 miles make a degree. What do vre mean by 
a degree ? The use of &e word degree is to define 
inclination, and it ought to be looked upon as defin¬ 
ing a measure of incllmtion only, and not as defining 
a measure of length. If I had to describe the posi¬ 
tion of two arms of a pair of compasses, I should say 
' they were inclined; but the notion of their inclinar 
tion is entirely diiTerent &om the notion of a measure 
of lengtL But we want some means for describing 
• how much these two arras are inclined. Now the 
method of describing how much these two arms are 
inclined, is got at in this way: we use the word 
degree for a certain small inclination, such that if we 
first give one arm an inclination of one degree to the 
other, then incline it one degree further, then one 
degree in addition, and so on to 360 degrees, the arm 
will have gone through the whole circle of inclination, 
and will have returned back again to its first positioiL 
But these degrees, as you will perceive, have nothing 
to do with lineal measures \ they are inclinations, 
and nothing else; they have nothing more to do with 
lineal measures than they have to do with pounds 
weight, or pounds sterlii^. We do, however, find 
it, necessary to use the word degree in determining 
what might at first sight appear to be linear measures. 
For instance, if a star be seen at the point A, Figure 
10, and if another star be seen at the point B, and if 
1 want to measure the distance between them, I say 
they are so many degrees apart; but yet 1 do not 
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mean any niiinl)er of miles, or any lineal measure* 
If I apply the hinge C of a pair of compasses to my 
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eye, and direct one arm CD to the star A, tod the 
(»ther arm CE to the star B, and then if I observe the 
inclinations of those arms; if the ams are sejj^are, one# 
arm has made one fourth of the conix>lete turn roundf 
Irom the other; and as 'v^c call the whole circle 360 
degrees, one fourth of the turn round when the com¬ 
passes are square is 90 degrees, and wo say that the 
stars are 90 degrees apart. If instead of tliat, I have 
to put the arms of the compasses in a less inclined 
position, as in Figure 11, the distance of the stars 
may be 50 degrees, or 30 degrees, or some smaller 
number of degrees. This must be fully understood 
before wo can enter upon the explanation of the 
Mural Circle. 

This Mural Circle is an instrument yery mudi 
I varied in form. Fignro 12 reprissents the instruments 
! in nse at the Eoyal Observatory, Greenwich, at Edin- 
\ burgh, and Cambridge. A is a stone pier whi^ 
supports the axis of the instroment, and to which 
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microscopes a, h, c, d, e, f, are attarliod. Tiic face of 
the pier which carries the microscopes, fronts either 



Fig. 12. 


the cast or the west. Tlie construction of the instru¬ 
ment is this; there is a circle IU 7 , which turns round 
an axis DE, (not visible in the view) that passes 
tlnough the pier A. The circle JIC lias the telesco])e 
iE'G attached. This circle is graduated into degrees 
and minutes and other sab-divisions on its outside, 
containing 360 degrees in its whole circumferenca 
Its position would be sufficiently observed for ordi¬ 
nary purposes if there were a jiointer fixed to the pier 
at one part, but there are reasons (dej>euding on the 
liability of the axis to be disturbed in its bearing, and 
on the tendency of the circle to bend under its own 
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weight) which make it desirable that there dioidd 
be pointers at several parts of it In the instnunents 
at Cambridge and Greenwich, and other places, there 
are six pointers ; they are not ordinary pointem, but 
microscopes, by means of wliich the spaces between 
the divisions can be sub-divided with greater accuracy 
than they could be by other means. Therefore yon 
will perceive very easily, that by tlio use of these 
microscopes, viewing the circumference of this circle, 
it is possible to determine and register the position of 
this circle, (and consequently the position of the 
telescope wliich is fastened to it,) with very great 
accuracy indeed. 

In all measures, however, we want a starting-point. 
AVhat wo want to ascertain with the circle is, how 
Jar th«. telescope is pointed above the horizon. It is 
therefore a veiy important tiling to ascertain what is 
the reading of the crnde when the telescope points 
horizontally. There is a contrivance used in most 
modern Observatories Jbr tliis purpose which is 
worthy of attention—^it is the use of observationa by 
reflection. Suppose that a star is seen by the observer 
to be approaching the ineridiau, he placi'S a trough of 
quicksilver 0 in such a direction that the star can be 
seen by reflection in the quicksilver. When the 
telescope is pointed towards the reflection in the 
quicksUver, then we know that the telescope is 
pointed below the horizon, just as much as it is 
pointed above the horizon to see the star b^ direct 
vision. This results ik>m the optical law of reflection 
Por m Figure 13, if FG he the position o|? the tele- 
scopeplac^ to receive the light which conu^ll^'i&om the 
star in the direction SG, and if F'G' be th^ position 
of the telescope placed to receive the light which 
comes from the sto to the quicksilyei in the direction 
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IB^O, and is thus reflected in the direction OG', 
then by the law of reflection, S'O and G'O make 
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Fig. 13. 

equal angles with the surface of the quicksilver. 
But as the quicksilver is perfectly fluid, its surface is 
exactly horizontal. So timt G"0 and S'Ojmake equal 
angles with the horizon; and therefore FG'O points 
as much below the horizon as OS' or FGS points 
above it. The observer therefore looks at the star by 
reflection in the quicksilver; he takes the reading of 
the microscopes; he then turns the instrument so as 
to see the sto by direct vision in the telescope, and 
then he t^os the reading of the microscopes then 
by taking the mean between the reading of the circlo 
eonosponding to these two observations, it is certain 
that we have got the reading corresponding to the 
horizontal position of the telescope. That gives us a 
starting-pointj and having got that, whenever we 
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obseiye a star in any position whatever on the 
meridian, inasmuch as we have got the reading of the, 
circle when the telescope is directed to that star, and^ 
as wo knew the reading of the circle which corre¬ 
sponds to the horizontal position of the telescope— 
then hy taking the difference between these readings, 
we know in degrees and minutes the inclination of 
the telescope, or the dogrocs and minutes by which 
the star is elevated above the horizon. The method 
of observation which I have described is going on at 
an Observatory every day. It is necessary, however, 
to remark that (as has been already said) every star 
appears too high, in consequence of refraction ; a 
correction must therefore be subtracted from the 
elcvatif'ii thus found, in order to discover at what 
elevation it would have been seen, if there had been 
no atmosphere about us. 

Now, supijoflo that we observe the Polar Star. 
This star, though very near the Pole, describes a 
small circle round the Pole, and therefore goes as 
much above the Pole at one time when it is highest, 
as it does below the Polo at another time when it is 
lowest. Therefore, hy taking the angular elevation 
above the horizon, in degrees, minutes, and seconds, 
of the Polar star when at the highest point above the 
Pole, and applying the proper correction for refrac¬ 
tion; and taking its angular elevation in degrees, 
minutes, and seconds, when at the lowest point below 
the Pole, and applying the proper correction to this 
for refraction; and taking the mean between the two 
elevations so corrected; we get the true angiilnr 
elevation of the celestial, Pole. In that manner we 
have got the accurate calculation of the angular 
elevation of that Pole in the North side, round which 
the heavens appear to tom. 


D 
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Now, allow me to point out what we h^ obtained 
with regard to these celestial objects. 

By the use of the transit instrument, when 
properly adjusted, and the clock, we obseiTe the 
time of tiansit of a principal star, and we obsers'e the 
time of transit of any other objects, smaller stars, 
planets, or whatever else they may be. By means of 
these observations, we have a difference of times of 
transit. We can place no reliance upon the clock, 
except this, that it gives us the difierence of time 
between the passage of prmcipal stars, and that of 
other objects. Suppose that our clock is so adjusted, 
that if we observe the time of that principal star 
passing the instrument to>day, and again obser\^c the 
time at which it passes the instrument to-morrow, 
the clock describes accurately twenty-four hours. 
If it does not describe* accurately twenty-four hours, 
we know how great its error is in twenty-four hours, 
and we can apply a proportionate part of the error to 
every interval of time ; so that it is in every respect 
as serviceable as if it were accurately adjusted. Sup¬ 
posing, then, that our clock was ailjustod in such a 
manner that it indicated twenty-four hours, &oin the 
time of a principal stiir passing to the time at which 
the same object passed again—^this amounts to saying, 
that it indicates twenty-four hours in the time in 
which the whole heavens turn round. Assuming, 
then, that the planet which wo have observed passes 
the telescope one hour after the principal star passes, 
then we must conclude that the heavens have turned 
fo^one hour; or have performed one twenty-fourth 
part of their whole revolution, before that part of the 
heavens in which the planet is seen passes our me¬ 
ridian. And this is precisely one of the co-ordinates 
which, as I said, serves to detemme the position of 
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the stars, or the planets, in reference one to another. 
What we want to know is, the interval of the 
successive times at which they pass the meridian. 
Assuming that the starry heaven turns uniformly, 
this interval (which in the instance above we have 
supposed to be one hour,) enables us, if wo wish, 
for instance, to register the planet’s place on a 
globe, to turn the globe one hour, or one twenty- 
fourth pai-t of a revolution, from the position in 
wliich the principal star wiis under the meridian, and 
tlieu we know that the planet wliicjh we have observed 
will be somewhere under the meridian, in that new 
position of the globe. That is the result of the ob¬ 
servations with the transit instrument. 

The ’ v.^xt tiling is, by means of the observation of 
the Polar Star with the Mural Circle, and by determin- 
iTig how high any other object appears when it passed 
the meridian, to determine the angular distance of 
any object from the Pole. These two observations 
amount to this:—the first gives the angular distance 
of the Pole from the north horizon. It is, however, 
rather more convenient to refer the position of the 
Pole to the point which is exactly upwards—^usually 
called the Zenith llie change is very easily made; 
for as the angular distance from the Zenith to the 
horizon is idnety degrees,* we have only to subtract 
the elevation of the Pole (or of any other object) 
from ninety degrees, in order to obtain its zenithal 

* The reader will easily understand thia, if he remarka that 
upon opening a pair of Gompasses bo that one leg pomts exactly 
upwards and the other leg points to the horizon; the two logs 
are &en exactly square to each other, and therefore one 
has been turned away firom the other by one-fourth part of the 
movement which would bring it round to the other or 
by one-fourth part of 360 degrees. 

D 2 
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distance on the north side of the Zenith. Thus we 
find that between the Zenith and the Pole there are 
so many degrees, and minutes, and seconds, of angular 
distance. That is obtained from the observations 
with the Mural Circle, directed to the Polar Star. By 
tiaing the some instrument in the same manner, but 
dire^d to a planet or other object, we find the an¬ 
gular distance from the Zenith to the planet on tlie 
south side of the Zenith. We have, then, got these 
two things : wo have got the angular distance of the 
Polar Star from the Zenith on one side, and the an¬ 
gular distance of the planet firom the Zenith on tlie 
other side. By adding these together, we have the 
angular distance of the planet from the hTorth Pole. 
Hds is the other co-ordinate necessary to define the 
planet’s place. 

^s 1 said before, by the transit instrument we have 
found what is the proportion of a revolution through 
which the celestial globe must be turned in respect 
to a certain fixed star, in order that we may fix the 
position of the globe when the body x>asses the me¬ 
ridian; and by the observations with the Mural 
Circle, we have fixed the distance of the object from 
the Pole, when that object passes the meridian. 
These are the two co-o^nat^ which completely 
define the planet’s place. K we had a globe we 
could mark down the place of the object at once. 
Or, instead of this, the result of the two kinds of 
observation may be registered in figures. 

I have referred the times of transit of planets and 
small stars to one principal star, supposing it taken 
"68 appi^ of departure. This , method was adopted 
by my pr^lecessor. Dr. Maskelyne, and by sever^ of 
the tot astronomers. Dr. Maskelyne adopted the 
bf!^t stale of Aquik, as his fundamental star; others, 
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lioweyer, have used several bright stars, whose relative 
]K)sitions have been well ascertained; and this is 
jiow the more usual course. 

The methods of which I have spoken, give us the 
means of recording, with the greatest accuracy, the 
position of any object as viewed from any point of 
the earth, and we come to the same conclusions, as 
to the relative positions of the stars, wherever we 
may be placed. Thus, at the Cape of Good Hope, 
where there is an Observatory in the highest order, 
the relative positions of the stars ore seen to be pn*- 
cisely the same as when they are viewed the 
European Observatoiiea If you observe how many 
hours, minutes, and seconds, one star is before the 
other »/hen it passes the meridian, and how many 
degrees, minutes, and seconds, one star is higher than 
the other when it passes the meridian—whether it 
Is observed here or at the Cape of Good Hope, it 
amounts to precisely the same thing—^there is not 
the slightest diiference. From this we must draw 
i>ne of two conclusions : either that the stars ore, as 
it were, stuck in a shell of a very great size; or else, 
that the distance between the North of Europe and 
the Capo of Good Hope is unmeasurably small, com- 
})ared with the distances of the stars; or that the 
distance of the stars is unmeasurably great as com¬ 
pared with the distance &om the North of Europe to 
the Cape of Good Hope. 

I sh^ now conclude this lecture. In the next 
lecture I shall treat of the figure and dimensions and 
rotation of the earth; of the movements of the Sun 
amongst the stars; and of the motions of the planet s- 
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LECTURE II. 

Becapitulatioii of Lecture 1.—Investigation of the form and 
dimensions of tlie Eurth.—^Proof tnat the Earth really re- 
TolyoB.—Appareftt motion of the Sun among the Stars, or 
real motion of the Earth round the Sun.—Permanence of 
an axis of Itotation. 

1 2^ the last lecture I endeavoured to point out to 
you the imncipal phenomena of the motions of 
the stars as observed on any line night. And I 
called your attention to the fact, that these motions 
ai*e perfonned in such a way, as to give ns the idea 
of rotation round an axis inclined to the liorizon; 
that some of the stars move very little; that others 
describe larger circles; that others just touch the 
Horizon and descend below it; tliat others descend 
on one side and rise on the otlier side. I mentioned 
the names of two or three stars admitting of easy 
observation, asT am desirous that you sliould obsmvc 
a little for yourselves, because you will acquire more 
knowledge from personal observation than from any 
lectures. The first of these is the Polar Star, wliich 
eveiybody ought to know; the second is the constel¬ 
lation of the Great Bear, which most people know as 
Charles’ Wain; the third is the bright star Capella; 
the fourth is the bright star of Lyra. I described 
their motions: and I then pointed out to you that 
the observations were rendered more accurate by 
means <4 the instrument named the Equatoreal, 
which m^es a telescope tom on an axis parallel to 
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the direction of the airia round which the stars 
aj 3 poar to turn; and that we find, by fixing the tele¬ 
scope to the axis in such a position that it is directed 
to any one star, and then, by continuing to turn the 
instrument upon its axis, the telescope will follow 
the stiu‘ from its rising to its setting. This I men¬ 
tioned as establishing an important point, that the 
stars undoubtedly do appear to revolve round that 
axis. I then described the use of the clock-work 
for causing the Eqiiatoreal instrument to revolve 
uniforjnly. And I pointed out to you, as a thing of 
iniportanee, that when the clock-work is in action, 
to wliat(iver star we may direct the tele.scope, how¬ 
ever far that star may bo fi^om the l^ole, or however 
near it may be to the Pole, the telescope does con¬ 
tinue to revolve after it, so that the star is always 
kept in sight, or in the Ifeeld of view. Tnosmueb, 
therefore, as all the stars appear to revolve uniformly 
round one axis, it follows tliat the sbirs keep their 
relative places or positions, that is to say, the heavens 
turn as it were aU of a piece. Of course there is no 
cxplaiuitiou of that, except one of these two—either 
ithat the heavens are solid and go all of a piece ; or 

! Hhat the heavens may bo assumed to be fixed or im¬ 
movable, and tliat we and the earth are turning 
instead of them. 

I then particularly mentioned that, taking advan¬ 
tage of this circumstance, instruments are contrived 
for daily use in every Observatory in the world, as 
adapted to defining the places of celestial objects. 
In the first place, I directed your attention' to the 
transit instrument, as one of the most important 
instruments used in taking our observations. This 
is mounted like a cannon, turning upon two pivots, 
and possessing no other motion; these pivots resting 
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on stone pieis, if the instrument is of a lai^ge size, or 
upon metal piers, if the instrument is of a smaller 
size; the Mescope so adjusted, and turning in this 
manner, moves only in the meridian. And here it 
is important to remark that in all standard observa¬ 
tions in Astronomy, the instrument is not turned to 
stars in any part of the heavens, but we have to wait 
until the stars come upon the meridian. We must 
so manage as not to be too late, or we lose our 
observation. The transit instrument must be ad¬ 
justed in reference to our notion of what we want to 
observa The object of aU this is to define the places 
of the stars, in relation one to another; the places of 
the planets, the sun, the comets, the moon, in rela¬ 
tion to the stars, and so on: in fact the use of all 
observing instruments of this class is to define the 
place of one object in relation to some one or other 
fixed objects. I then endeavoured to explain that, 
for exact definition of the place of an object, it is 
necessary to use a system of what, in mathematics, 
are called co-ordinates ; and that, when the object 
is or appears to be upon a surface, two co-ordinates 
ore necessary. By this term, I mean two measures of 
some kind or other; as distances from two fixed lines, 
or distances &om two fixed points, or length of the line 
from one point and inclination of that line to the hori¬ 
zon. Thus, for determining the position of the stars 
in reference one to another, it is a matter of importance 
to choose the most convenient co-ordinates. Consider¬ 
ing the stars as they ore represented on the celestial 
globe, if we wish to define the place of any star, the 
most convenient co-ordinates we can use arc tliese: in 
the first place, to see how fur the globe must have 
tamed fiem a certain position before the star passes 
under the brass meridian; and in the next place to see, 
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ivlien that star posses under that meridian, how far 
it is from the Pole round which the globe turns. 

I then pointed out that the transit instrument is 
one of the instruments particularly adapted to this 
pui-pose. The transit instrument does, by its motion 
on th<3 axis I described, trace on the sky a curve 
exactly siniihir to the brass meridian of the globe, 
provided these conditions be observed : fimt the axis 
must bo hoidzontal; secondly, the telescope must be 
stiuarcj to its axis; and thirdly, when the telescope is 
turned to the north, it must in its sweep pass over 
tlie centre of rotation of the stars. Ail this I fully 
t'xplamed, hut I give this recapitulation that it may 
he kept recollection as we proceed with our lec¬ 
tures. By means then of this tiansit instrument, 
tlie condition of representing the brazen meridian by 
ii’i imaginaiy track of the telescope through the 
iuMvtms is fnlfillod. 1 then mentioned that wo make 
of a clock in all our observations ; that the way 
(d* using it is, liaviiig noted the time when some star 
or object passers the meridian, to find by the clock 
the interval of time until other stars or planets pass 
the meridian. 

[ may now add one subject which I omitted, and 
it is to state wluit we meim by a Sidereal Bay. We 
ohscive on this day a bright star, for instance Aic- 
tunis, passing the meridian. We note the time by 
r)iir clock, in hours, minutes, and seconds, and the 
fraction of a second. To-morrow we again observe 
the passage of Arcturus across the meridian. The 
interval between these passages is a sidereal day. A 
sidereal day is not quite the same as a common day. 
But I do not insist on that at present, because it is 
connected with other things, one of which is the 
motion of the sun. It is important to understand 
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that that is what we mean by a sidereal day. I can-* 
not toll you now wliat sidereal time is, and for Ibis 
plain reason : T hiivo not yet got the stai‘ting- 2 )oiut 
which marks the ])eginiiing of the sidereal day. All 
that I can ut present say is, that the interval from 
the time of the passage of one star one day to the 
time of the piissuge of the same star the next day is 
understood to he twenty-four homs of sidert'al time. 

Having ])rot*eeded so far in relation to the tinu's of 
the passing of the stars, and the quiuitity of rotiition 
wliidi the globe must ]ierfonn from the nuTidional 
])assage of a fixed star which we know, to that of a 
})lanet or similar object whose 2 )osition w<* want to 
determine, T mentioned the use of the Iklui-td C^iwle, 
by which we determine tlie altitude of the object 
when it is })aHsing the meridian. And hei'c 1 must 
observe, that one of the most important adjust 1 nent<^ 
of the ]\fuml (Jiitde depends on reflection frf»ni tlie 
surfiace of (juicksilver. It is not my province now to 
allude to 02 )iics ns a science^; I merely allude to it to 
indicate a thing imi)ortant to our ])roh(‘nt ]mi'])ose: 
the law of reflection of hglit from a suifiice of (piick- 
silver. The surface of the quicksilver takes a position 
parallel to the horizon, with a degi’eo of sud(leim(‘S8 
and certainty to which we know nothing similar. 
Light is reflected fi’om the surface of the quicksilver, 
ju^ as it would be from a looking glass. Now, the 
thing which 1 wished to point out as the great prac¬ 
tical fact is this: tliat supposing SO and ST), in 
Figure 13, to represent the direction of the light 
coming from the star, and OG'F' the direction of the 
light reflected h'om the quicksilver; then the inclina¬ 
tion of S'O or SO to the horizon is the same os the 
inclination of OG' to the horizon; and if S'O or SO 
IMpoach nearly to a flat with the horizon, 00' will 
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approach nearly to a flat with the horizon; and if 
S'O or SCt approach nearly to a perpendicular to the 
horizon, OG' will approach nearly to a perpendicular 
to the horizon. Tliese are the facts upon which the 
use of ohservatious hy reflection is founded. If we 
pliice tliis small trough O in such a position that the 
telescope looks into it, and if we see a star, wo know 
that the light wliich comes from that star is reflected 
in such a manner that tlie position of that telescope 
must he as much inclined downwards as the position 
of the direct ray of light from the star is inclined 
upwards. From these obsorv^ations we infer the 
position '>f the telescope when it is horizontal. 1 
tlien p<*iuted out to you that hy the use of this, we 
ascertain the elevation of the Polar Star at its highest 
and its lowest positions, and that hy taking the mean 
of these we have the height of the Pole; and there¬ 
fore, getting the elevation of the Pole on one side of 
th(j Zenith, and getting the elevation of any other 
star or any object wlKitevcr, passing either on the 
same side of the Zenith or tin the other side; by 
means of these we iiscertain the angular distance of 
any object from the Pole. 

Incidentally 1 had occasion to point out to you 
some other things. One of these was the use of the 
wires in the telescope. And I constructed, as it 
were, a telescope, Figure 7, though it has no tube. 
The telescope I liavc here made consists of a lens, 
representing the object glass of a telescope, and a 
screen, representing the field of view. Formerly tele¬ 
scopes were made without any tubes at all, so that 
the tube of a telescope is toUdly unessenti^ The 
construction I have got there is a proper representa¬ 
tion of a telescope, forming an image of the object on 
the screen, which screen is in the place in which you 
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would soe the ohjeci Instead of looking at the 
screen from a distance, yon may come close to it, 
and view it with an eye-glass on the side opposite to 
the object glass, and then the resemblance to the 
telescope is complete. You see upon it bars repre¬ 
senting wiles in the field of •vdew. The object of 
these is to give definiteness and distinctness to the 
observations. Supposing I use the telescope by 
directing it to a star: if I see a star somewhere in 
the telescope, tliis is a.very loose observation, because 
I have not sufficiently defined the place; but if I 
have wires in the telescope, and observe the star on 
any one of these wires, then I have observed it in a 
definite part of the field of view. The accuracy 
gained by that observation is very great indeed ; it 
is tlie most important adjunct connected with the use 
of the telescope. Every surveyor knows the value 
of the wires in his theodolite telescope. 

There was another thing I pointed out, which was 
that the rotation of the stars, when it is examined 
closely, is not so accurate as might be supposed at 
first, fbr this reason: tliat we always find that the 
stars near the horizon appear higher than they really 
are in fiict—^whether east, north, or west, they are 
always a little too high—I ascribed that to refraction. 
And I pointed out, as a law of refraction, by refer¬ 
ence to a glass trough or prism of water, that if the 
light falls on a surface of glass, it is bent there in 
such a manner as to go more square to the surface. 
I had occasion in the last lecture to mention strongly 
my disapproval of the use of some words in a wrong 
sense. 1 shall now mention another word which 
is often used in a wrong sense: I allude to the word 
** perpendicular.” Many people think that the word 
perpendieuW means the position of a plumb-line. 
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Tt means no such, thing. The proper word for dos-. 
crihing that position is “ vertical.” Perpendicular is 
a relative word, and it ought not to he used without 
reference to something else. Vertical is an absolute 
word. Thus, in speaking of the word perpendicular, 
with reference to that trough of water or prism .in 
the experimental case before us, I mean a line pei^ 
pondicular, not to the horizon, but to the surface of 
the trough. I explain that particularly, because in 
coimection with these matters, from defective educur 
tion and other causes, false meanings are often given 
to words. I'he laAV of refraction is this : that when 
that beam of light rejuosented by Al), in Figures 4 
and 5^ enters the side of the prism, it is bent into a 
position approaching more nearly to the direction of 
the line ])crpendicular to the surface. The refraction 
of light i)roducod by glass or water is well understood. 
We know by experiments too, that air produces le- 
fniction. We apply the same Lws which relate to 
water or glass, to the computatioll of refraction by 
atmospheric air. We find that air will alter tlie 
course of the hght in such a manner that the beams 
of light enter our eye more vertically than they 
otherwise worild do ; that all objects will necessaiily 
appear to he higher than they ore in reality; and 
applying then a proper correction by the law of re- 
imetion, based upon experiments with water or glass, 
we find everything properly adjusted, and that the 
stars revolve round one axis most accurately in the 
manner we have represented. These, wi& some 
additions, were the main points of the subject of 
yesterdays lecture; I will now proceed to the lecture 
of to-day, 

I have stated my intention of esrolaining how we 
measure the distance of the sun, and the moon, and 
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the stars &om the earth by a yard measure. When 
1 say that we really measure these distances by a 
yard measure, I do not wish to weary you by the 
word, and I do not wish to introduce anything in¬ 
elegant; but I do wish to produce distinct and 
definite ideas in your minds; to urge this, that we 
really do make use, of a yard measure, or something 
equivalent to it, as our fundamental measure for these 
purposes. 1 will now proceed to explain the first 
steps towards taking tliese measures. 

The object we have in view is to measure a great 
distance upon the earth; a distance, for instance, 
extending the length of a kingdom. Figure 14 (see 
Frontispiece) represents nearly the whole of the British 
Islands. 1 wish to point out how the distance is 
measured from the Isle of Wight at A, to the Shetland 
Isles at B. In the first place I must tell you, that tlu' 
distance has been measured with such accuracy that 
I think it likely that the distance is known with no 
greater error than perhaps the length of this room. 
iNow, measures of this kind are effected by a system 
of triangulation. This is in some degree or other 
well known to every surveyor, but still I esteem it 
so important to the whole subject before me, that I 
shall point out to you the way in which it is done. 
Suppose, tlien, that wo have three places, EFG, 
Figure Iff; the two nearest, E and F, on a plain 
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with evenjground between them, and perhaps six or 
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eight miles apart; a third, G, at a considerahle dis¬ 
tance, perhaps inaccessible, at least in a straight line. 
fi-oin E and F. I can measure the distance between 
E and F, because there is even ground between them. 
Jhit how do wc get the distance of G ? In the first 
place we actuaUy measure the distance between the 
two nearest, E and F. In the prosecution of surveys 
of this kind, it is a great object that wc should choose 
ground favourable for taking the measure; it is 
necessary that the ground shoiild be very level, and, 
ii‘ possible, firm. The line so measured is caU^ the 
Base Line. Bases have been measured in the British 
survey on Hounslow Heath, Komney Marsh, Mister- 
ton Can*, S{disl)ury Plain, and other places; but the 
principal basis measured in the United Kingdom for 
several years past, and on which the measure of 
almost every part of the kingdom depends, is one in 
Indand, traced along the east side of Loch Foyle, 
nc'ur Londonderry. It was measured on the sand ; 
and the smoothness and level of this soil served well 
ibr the jmrpose. 

How this base is measured by a very troublesome 
operatioD indeed. You may tliink it easy to measure 
u straight line, but, in fact, there is nothing so 
difficult. In the first place, what are you to measure 
it by 1 Are you to use bars of metal ? They expand 
hy heat. It is to be measured by the yard. If so, 
what do you mean by a yard 1 By the measure of a 
yard wo mean a cei'tain distance, not something 
imaginary or vahahle, hut a distance definite and 
certaiiL But we do not mean the length of any 
piece of metal, because it changes its state by the 
action of temperature : it becomes longer when hot, 
and shorter when cold. If I nse a piece of metal, I 
say a yard means the length of this bar of iron or 
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lirasB at a ceitaiii tempeiatuie. Kow, many 'bases 
liave been nLeasnred 'with bars or chains of iron or 
brass, but in evciy part of the operation every possible 
care has been used to screen them from changes of 
temperature, by covering them with tents; putting 
perhaps half-a-dozen bara at a time in a row, with 
twenty yards of tent over them, so as to protect 
them effectually from the sun and wind. Having 
taken these precautions to guard them from the 
effects of changes of temperature, thermometers are 
placed by the side of the bars. Then by carefully 
observing the state of the thermomet(sr, and knowing 
the expansion of the bars by heat, or their contrac¬ 
tion by cold, we can ascertain what length these bam 
represent under the circumstances under wliich they ' 
are used. But there was another contrivance used 
Bp^ially ifi the Loch Foyle base. It was used for 
the iirst time there; it has been since used in India, 
and at the Cape of Good Hope. Figure 16 represents 



Fig. 16. 

a combination, of two bars; one, ABC, of brass, and 
the other, D£F, of iron, connected at the middle BE, 
and having projecting tongues, ADG and CFH, 
which are connected with both bars at the two ends 
of the bars. Now, the use of the combination is this: 
brass expands by increase of warmth considerably 
more than iron, in the proportion of 5 to 3, as nearly 
^ possible. If I arrange the bars in this manner, 
^Ifhd choose points G and H in such positions that 
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DG is tbree-fiffclis of AG, and FH is thiee-fifths of 
OH; then the distance between H and G is not dis- 
turhod by the expansion of tho two bars. The iron 
bar expands, the brass bar expands more ; and by 
that increased expansion of tho brass bar, the two 
puiiits G and H ore brought inwards by exactly the 
proper quantity. In this manner a means of mea¬ 
suring lias been attained, which, in the judgment of 
many ])erbons who have used it, is better suited bi 
Hie puipose tliau anything else that has been used or 
ado])ted. I have described in detail this apparatus to 
show tho extreme caution necessary in these matters. 

A succ e^‘^ion of combined bars liie these are placoiL 
on(‘ aftei luotlu^r, with a small interval between each 
and its succesbor; and then the question is, how is the 
interval between them to b(* measured 1 It will not 
do to make one bar touch tho other, because expan¬ 
sions may be going on in one of the series of bars, 
anil it would jostle the otliers tliroughout the whole 
extent. In the measure of wliich I sjioku, this small 
distance w<is nuMsiired by moan^ of microscopes; and 
these micioscopes were so mounted (on the same 
principle as tho bars) tliat the measure which they 
ga\e was not affected by temperature. In some of 
tlie surveys on the (Continent, glass wedges have been 
drojiped between tbe successive bars; in some others 
there have been sliding tongues^used; indeed an iu- 
iinity of contrivances have hcen used to overcome the 
(LiUculty. Tho effect of all this lias been, that a 
distance of 8 or 10 miles has hcen measured to 
within a very small fraction of an incL This is the 
first application of the yard measure, by which the 
distances of the sun, the moon, and the stars are to 
he measured. In figure 17,* KF represents the base 

* See lithographic plate frontiiig title page* 
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on Misteiton Carr, connected with the triangulation, 
hy which the distance from A (Shanklui Down, in 
the Isle of Wight) to D, (a place called Clifton, in 
Yorkshire,) was measurecL 

The next thing to be done, having measured the 
length of the line EF, Figure 15, is to measure the 
distance of the signal G. It is, perhaps, on a inoun-' 
tain, perhaps with sea between it and EF. The 
object is to get the signal as far off as it can be seen. 
These signals have been observed at the distance of 
110 miles. Signals in Ireland, on the Wicklow 
Mountains, and on Slieve Donard, have been obsen^ed 
&om Ben Iiomond, in Scotland; from Precelly and 
Snowdon, in Wales ; and from Scaw Fell, in Cum¬ 
berland. Having, then, measured EF, I wish to as¬ 
certain the distance of G. For that purpose I take 
away the signal at E, and plant a theodolite in its 
placa The theodolite is adjusted on the point E 
with the utmost care. Kow, by means of this theo¬ 
dolite, making use of it in the usual manner, iirst of 
all I observe the signal F at the end of the base, and 
then turning it un^ I observe the signal G on the 
4istant hill, I obtain the angle of an imaginary tri¬ 
angle GEF, if you may so call it. The triangle is, 
in fact, fomed by the rays of light wliich come from 
the' signal at one station, to the eye, or instnunent, 
at the other;' when I turn the telescope of the theo- 
,dolite at E towards F, it is in the direction of one 
side, EF, of the triangle; and when I turn it so as 
to view the distant signal G, it is in the position of 
the other side of the triangle; and therefore the 
angle, by which the theodolite turns, is the measure 
of that angle FEG of the triangle. I then plant the 
theodolite at F; I direct it in like manner to the 
end of the base E, and then the light it receives is in 
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the direction of the side of the triangle FE j I turn 
it tlien to tlie same distant signal G. Therefore, by 
these observations, I have redly and truly got, by 
the theodolite, the measure of the two angles of the 
tiiangle at E and F. Now, that is sufficient. Every 
person who has a knowledge of trigonometry, knows 
that if we have got the measures of the side EF, 
and bf these two angles, we arc ablQ, either to con¬ 
struct tlie triangle on paper, or to determine, by 
(‘jilculatioii, the wliole of its parts. Or, mthout 
protending to understand or to have hoard of such a 
word as trigonometry, any person can see, that by 
observing how much I turn the telescope at E, for 
iiistanci, I can make the same tuni of a line on paper; 
that 1 can make the two directions of the line incline 
to each other by that angle. Knowing how much 
ti'.is telescope has been turned from one object to 
thi* other, I can make the same angle on paper here; 
I can do the same for the other end of the base, and 
then, prolonging these lines until they meet, I get 
the distance of tlie distant signal This is sufficient. 
Eut, to make assurance doubly sure, it is usual to 
place a third theodolite at G, and then to observe the 
signals at K and F. And the reason is this: we 
know by geometry that if we take the measures, of 
the tluee angles at A, at B, and at 0, in degrees, 
minutes, and seconds, and add them together, the 
sum will be 180 degrees; so tliat the observation of 
the angle at G is a veriheation of the measures of the 
two angles at E and F. 

Now, then, wo liave made the first stop in trian¬ 
gulation. Having measured the base line EF, by 
means of a yard measure, as represented by some of 
our standard rods, and having measured the angles, 

■ E 2 
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we have, by the process 1 have described, got the 
length of these other sides of the triangle. Then, in 
like manner, having thus got the length of the side 
FG, we can use it as a base measure to determine the 
distence of the signal on another distant point; and 
thus we go on, step by step, until we get from one 
end of the kingdom to the other. 1 have represented, 
in Figure 17, the triangulation connecting Shanklin 
Down with Clifton Deacon. This is a part of the 
great Meridional Arc of England. Some persons, 1 
have no doubt, are present now who have seen a 
place in the Isle of Wight, called Shankhn. ]N"orth- 
east of the village is a high swelling Down; a point 
on this Down is the southern extremity of this tri¬ 
angulation. The names of the stations which follow 
are marked in the diagram. Signals were placed 
upon the successive stations; at each of those theo¬ 
dolites were placed; from each of these the signals 
were observed upon the other stations j and so we 
step on from one point to another, till we arrive at 
Clifton, a village in the south of Yorkshire; and (by 
continuing the tiiaugulation) at Balta, in the Shetland 
Islands. The outlines of the counties through which 
the survey was made ore roughly drawn on the dia¬ 
gram, in . order to give a notion of the size of the 
triangles. The hne, for instance, which connects 
Brill with Stow goes over the widest part of Oxford- 
'''shite, &om a sig^ external to it on the eastern side, 
to another sig^ external to it on the opposite or 
western side. In this way we step over a country at 
fbw steps \ and when the angles of all the triangles 
are aecuzately measured, the results may be laid down 
on paper. 1 have spoken of beginning from the south 
end of the triangulation; Imt in the process of 
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making the computation, we must (in this instance) 
begin from the north end, because it happens that 
the base EF is there. 

The next thing is to get the direction of one of 
these lines. This is got by a transit instrument, or 
something equivalent to it, adjusted in the same 
manner which I described yesterday, by the Polar 
Star. The transit instrument suppose at K, Figure 
17, is adjusted to the north, so tiiat the telescope 
passes through the Pole : the telescope is turned 
do^vn to the horizon, and a mark L is fixed by means 
of it in the tnie north direction on the horizon. 
Tlien till theodolite is used to measure the angle 
LKM 'uctween this mark and some other signal: and 
knowing the northern direction in that way, we are 
(tiiableil to lay down the whole of the triangulation on 
I»aper, and to see how many yards the point D is 
north of the point A. Tliat is the first result of the 
meridional triangulation through a country j it is a 
jioiiit which it is most important for us to understand 
by way of beginning. 

hlow, let us see how this is to be used. What do^ 
we want to ascertain ? We want to ascertain some-j 
thing about the size and form of the earth. I' 
remember a man in my youth who used to say he" 
should like to go to the edge of the earth and look ' 
over. 1 don’t think that many people, whadu^e 
ever considered carefully the state of things around^ 
them are impressed with notions of that kind ] but 
my friend was in his inquiries an ingenious man, a 
sort of philosopher in his way. Still, if he had 
looked about him, he would have seen that the earth 
did not present such a condition as would enable him 
to go to the edge of it and look over., 1 dare sa|; 
that there are many persons here who have, (some by 
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sea from London to Ipswich, and have ohseived 
Walton Tower rising out of the edge of the waters. 
Many persons, too, who have gone across the Irish 
Channel, have seen the mountains on one side dis¬ 
appear, as if they dipped into the sea, and they have 
also seen the mountains arise out of the sea on the 
' other side, perfect in shape, coining out hy degiees, 
just as if seen rising over the brow of a hill. Tlie 
infeiei^ce is, that the water is curved, to produce these 
phenomena. These are to be seen in tlie 00111*86 of 
ordinary expeditions; but those who voyage further, 
those who have gone to the Cape of Good Hojie, 
know that, as they go on, every night they lose sight 
of our stars by degrees, and other stars come up on 
the other side. In a southern latitude they lose the 
northern stars, and they get more of the southern 
stars. All this leads us to the conclusion that the 
earth is sometliing curved. Again, people liave sailed 
round the earth Tliis was done for the first time by 
Magellan and his successors in command; and for 
the second time by Sir Francis Drake. From the 
time of Sir Francis Drake this has been done every 
year; sliips are indeed almost daily prosecuting such 
voyages. It is a common' thing for ships to sail in 
on easterly direction to Australia, and to return by 
contiEming their eastward course, and not by coming 
back the same way they set out. The cfirth, there- 
. fore, roughly speaking, is sometliing round, and there 
are limits to its extent. 

^ v.'I^ow, the question is, what is its extent % Having 
'jg6t a measure of considerable length by such a pro¬ 
cess as I have described, how can we use .that to 
determine what is the size of the earth In order to 
explain this, pippose Figure 18 to represent a slice 
of the earth, curved as a slico of the earth would be. 
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Now, you will understand from 
the description which I have 
giveji, that, in the first place, hy 
UKiasuring a base by means of a 
yard nicjasure; in the next, by 
measuring succe^siye triangles 
originating with that base; and 
therefore, in fact, computing the 
h'ligth of (iveiy side of these 
triangles by means of a yard 
measure; you will understand 
wo have really ascertained, by 
means of ’Jie yard measure, the 
distance from the Isltj of Wight 
A to the little Island of Flalta B, 
in the Shetland Isles. Now, wo 
want to nieasurti the correspond- ja 
ing curvature of tins earth, that ? 
is, to find how much the line .® 
drawn fnnn A to L on the sur 
face of the oaith is bent. For 
that pui’pose we use an instru¬ 
ment calhid the Zenith Sector, 
Figure 11)—a telescope swinging 
upoji pivots AB, and having . 
attached to it an arc CDE grad- 
uatiKl into degrees and. ^imtes. 
There is a 2 )lumb-line i||E con¬ 
nected with the upper eUcPof the 
telescope, or with one of the 
pivots; it is a very fine silver 
wire, supporting a weight F, 
which weight is hanging in 
water, to keep it steady. It 
gives us the direction of the 
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yertical tlioie, or liho direction of the perpendicular 

to the horizon, (see page 15.) ]^ow, 
assuming that we are observing a star 
G very nearly overhead—^it is plain 
if the telescope be directed to the star, 
then by observing the point of this 
divided arc ODE, which is crossed by 
the plumb-line, I have got a measure 
in degrees, minutes, and seconds, of 
how far the star is from the vertical 
And the peculiar advantages of using 
this instrument, instead of the Mural 
jB Circle, are these: first, it is easier 
to cany about from one situation to 
another i and next, the observations 
Fia. 19. made by it are confined to that part 
of the heavens where the refraction is scarcely sen¬ 
sible. Eefraction is a thing which, (from the uncer¬ 
tainty attending the calculation of it,) baulks us 
perpetually, and which it is very desirable to get rid 
of as much as possible. 

Now then, the way in which this instrument is 
used, in order to ascertain the form of the earth, is 
as follows: we take our Zenith Sector to Shanklin 
Down and to the Shetland Islands. Now, consider 
for a moment. What do 1 mean by the earth and 
water being curved? The direction of the vertical is 
perpendicidar to the surface of water; and therefore, 
if the water be curved, it is connected essentially 
with the circumstance t^t the direction of the verti¬ 
cal is varied, or that the direction in which the 
plumb-line hwgs is not the same at different places. 
’Therefore, if the earth. Figure 18, be curved, as we 
suppose, and «s previous rough considerations have 
given us reason to think, the plumb-line at A would 
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liang in the direction CGF, and that at B in the 
direction c g f. The place of the star, howwer, 
which 1 ohsorvo, is unaltered. The telescope is to 
he pointed in the same direction, whether we use it 
at Shanklin or Balta : or the line CD is parallel to 
r d. Su])pose, therefore, 1 hare gone through the 
ohsorvations in the way I have desciihecl, hy observ¬ 
ing wliat part of the limb of the Zenith Sector is 
crossed hy the plumb-line ; I get different parts of 
the limb in the obsen^ations at those two points. 
Wlien I am observing the star tat Balta, the plumb- 
line crosses at g; when I am observing it at Shanklin 
Down, the pluinl)-line crosses at (x. Thus wo obtain 
tliu difference of the direction of the vertical at the 
two places. 

Now, tlien, I liave arrived at something which I 
can use for taking the dimensions of the eailh. In 
the way tli.it 1 have described I have the inclination 
hotwoen the line, which is iierjicinlicular to the sur¬ 
face at A, Figure 20, and the line wliich is perpen¬ 
dicular to the surface at B. If 
T continue these two linos down¬ 
wards until they meet at a great 
distance below, as at H, I shall 
get a centre from which I may 
make a sweep to describe tlie 
curvature of this part; or, in 
other words, a centre, about 
which I may describe a circle 
passing through A and B, and 
such t]^t its arc AB shall he exactly as much bent 
as the lino AB on the earth’s surface. If the earth 
be spherical, or round, it is plain that these lines 
come to the earth’s centre, and the distance AH 
which I have found is the ’semi-dianLoter of the earth. 
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If you take nuinbors, you will soe how wo assume 
this to bo effocted. Supjmse the mcasuro of AH is 830 
miles. Suppose I £nd tliat the directions of the two 
yertical lines AJl ;iiid BH in the two places A and 
B make an angle of 12 degrees. You will remember 
what a degree means. It is not a measure of length; 
it is a measure of inclination of these two lines. 1 
have to pass over a distance of 830 miles, in onler to 
get from one place to another, where the direction of 
the vertical changes 12 degKK*s. h^rom tliat J infer 
^that the curvature of the eaHh is sucli, that I have 
to puss over G9 miles to hud the distance of two 
places whose verticals are inclined one degie(*. 
Ilaving got that, it is easy to fiml what is the sonii- 
diameter of the circle -which you must sweep, in 
order that that dishiuce of 69 miles may give one 
degree of inclination of the two lines, drawn from tin* 
centre to the ends of the 69-mile arc. Making the* 
oalcuhition, yon hnd the semi-diameter is ahonl 4000 
miles. And this is the way in wliich the me.i^ui'e of 
the earth -was ascei’tained in tljc first instance. The 
first accurate measure was nuide in Holland, by a 
man named iSnell; the next by a celebrated man, 
Picard, in France. 

Shortly after this, Sir Isaac Kewtoifs theory of 
gravitation was broached. lie predicted, ns a I’esult 
of theory, that the earth would l)o ascertained not to 
fbe round, not spherical, but splmroidal, or flattened, 
’tumip-shaped. It was a matter "of impoiiauce to 
verify tins. The first expedition for this purpose 
was made by the French Government, under flic 
JKangs of France; and all honour be to the Fi'cnch 
for tile part they took in this matter! Many of you 
are aware that Gui^t, the late Prime Minister of 
jl^Egjice, before he was appointed Minister of the 
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Crown, was Professor in oio of the Prench Colleges. 
He gave lectures on the History of Civilization, 
and he maintained that Fiance had been the great 
pminftr hi Rp.jifnme- that civdization genomlly had 
originated in Fiance. I believe that in matters of 
^citmce it is as stated by Guizot. When the question 
f the figure of the earth came to be debated, two 
elebrattid expeditions were made under the auspices 
pf the French Government: the first great scientific 
expeditions ever made in the history of the world. 
Ihe party composing one expedition was sent to 
liaphuid, to mak{i a tiiangulation in the way T have 
described, and to make corresponding observations 
idth the Zenitli Sector, beginning at Tomea, at tlie 
head of tlio Gulf of Bothnia, and carrying the survey 
northward IVu* about fifty miles. Another i)arty was 
•'sent to l*em to make a similar measurement, but 
about two bundre<l miles in length. And no two 
ex])ftditioijs ever rondei’etl themselves more justly 
celebmted tliaii these. J^Tow, observe the results. 

I In Figure 21, AB represents the Lapland measure, 
; a h the Peruvian measure. 

It was foiuid, that in Lap- 
Lmd tliey had to go 6i)f 
iail(is, or sometliing like 
that, in oixler that the ^ 
directions of the verticals 
should change one degree. 

It was found in Peru that 
they had to go only 69 fig. ai. 

miles, in order that the direction should change one 
degree. From this, it follows that the verticals AH 
and BH in Lapland meet at a point H, whose dis¬ 
tance from A or B is about 4000 miles; and that 
the verticals a h and & ^ in Peru meef at a point 
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h, whose distance from: a or 5 is about 3950 
miles. 

What is to be inferred firom this 9 We have said 
that the estimation of the semi-diameter of the earth, 
supposing it to be a sphere, would depend on the 
distance you have to go, in order that the direction 
of the vertical might be altered by one degree. We 
have to go further in the northern measure than in 
the equatorial measure. It would seem at first sight, 
as a consequence, that the earth was not turnip- 
shaped, but egg-shaped; and this was maintained by 
many respectable people at the time. On considera¬ 
tion, it appeared that this was not a correct inferenca 
And the reasons were these: when we assume that 
the earth is spheroidal, not spherical, then, inasmuch 
as we mean by the direction of the vertical “the 
direction of a line perpendicular to the surface of the 
water,” the direction of the vertical will not go to the 
earth’s centre at all It is necessary to consider 
something different, and. that is, that the measures 
which we have obtain^, give us information of the 
curvature of different points of the earth. They tell 
us that at AB the curvature is little, but that at a 5 
the curvature is very sharp. Altogether, when pro¬ 
perly considered, they lead us to the inference that 
the torm of the earth is something like the oval in 
Figure 21; that it is flatter at the Poles, and sharper 
in its curvature at the Equator. The rule which 
theory gave was, that the earth would be spheroidal; 
that is, that its form would be that which is produced 
by the curve called the ellipse,* Figure 21®, revolving 
round its shorter axis BB[. Adopting then the 

* THfi nature of tibia curve is moze fully explained in fhe 
next Lectuz^ 
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supposition that the earth is spheroid^ it was a 


J! 



matter of calculation, to dctemiino from tho goomctii- 
cal •pToijerticfl of the ellii)8e, what would he the 
l)roportion of tho two axes, AA', BB', of the earth, 
which would mtiko tho proportions of the curvatures 
at AB and a h similar to those determined from the 
ohservations. It was infeiTod that they were in a 
pro])orti(jii something like 299 to 300. 

^co that time, extoiisivo measures have heen 
hikcn on other parts of tho earth. At tho Cape of 
(lood Hope, a measui'e was made hy Locaillo, a 
Frciichnian, in the first instance. At the present 
tuii(‘, 1 am happy to Stiy, that tliis measure has heen 
repeated mid much extended, under the direction of 
the British Government, hy Mr. Moedear, the Astro¬ 
nomer at the Ohborvatory of tho Cape of Good Hope. 
In England, the arc from the Isle of Wight to the 
Shetland Islands, to which I have several times 
alludoil, has been measured. In India, an arc, ex¬ 
tending from Cape Comorin to the neighhourhood of 
the Hunalaya Mountains, lias heen measured under 
tho direction of tho East India Comi)any. In Hussia 
the measurement of an ore is going on at the present 
time, extending firom the mouth of the jDanirbe 
to the Koith Cape. It vriU form one of the best 
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means of determining aocuiately the dimensions of 
the earth. There is dso one measure which is worth 
mentioning, on account of the extraordinary times 
in which it was effected. It was the great measure 
extending from Dunkirk, in France, to Barcelona, 
in Spain, and which was afterwards continued to 
Formentm, a small island, near Minorca. It is 
worth mentioning, because it was done i n the hottest 
times of the Fr ench Revolution. W e are accustomed 
to consider that time as one purely of anarchy and 
bloodshed; but the eneigetic Government of France, 
though labouring under the greatest difficulties, could 
find the opportunity of sending out an expedition for 
these Bcientihc purposes; and thus did actually, 
during the hottest times of the revolution, complete 
a work to which nothing equal had been attempted 
by England. 

, Now, from oU these measures put together, we are 
able to infer a proportion of the axes of the earth, 
and we are able to try whether all these different 
measures agi*ee well with the sup]iosition that the 
earth is a spheroid. There is a quantity of mathema¬ 
tical calculations concerned in it; the problem is this: 
suppose tbe earth to be a spheroid, with axes in any 
proportion that we choose to try; then to calculate 
mathematically the length of the measure correspond¬ 
ing to the observed iucHnatiou to the vertical in 
different parts of the earth, and to find how nearly 
these calculated measures agree with thci measured 
arcs; to ascertain whether they agree so nearly, that 
th^ is no discordance beyond wbat can be fairly ex- 
n^nod by tbe. circumstances of the observations, 
come to tliis: the proportion of the two axes 
earth is as 299 to 300 : the shorter axis of 
41,707,600 feet would pass through the Pole, and 
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the longer one of 41,847,400 feet would pass through 
the Equator: and the measures computed on tli^ 
supposition for different parts of the earth do agree 
well with the measures actually made. « 

Tliere is another method used for the same purpose, 
founded on the observations of arcs of longitude, 
which lias not, however, been used so extensively as 
the other. Suppose wo place a transit instrument at ' 
Greenwich, and observe the time when a star passes 
the meridian; suppose we place a transit instrument 
on the coast of Ireland, and ol>servo the time when 
the same star passes the meridian there. It 'will be 
found that they do not pass at the same time. Why? 
Because the earth is curved. Let figure 22 be 



understood to represent the earth, with its Pole P 
turiKKl towards the eye K and L, two stations, and 
S a star that is viewed; and consider what will be 
the positions of the tnmsit instnimont at K. and L. 
If I place a transit instrument at K (which may 
represent Greenwich), the plane in which the instru¬ 
ment will move is the plane of PK, (see page 25,) 
and the instnimcnt will catch the stars where they 
jiass through that plane. If I erect a transit instru¬ 
ment at L, (wliicli may represent a station on the 
west of Ireland,) its plane of movement will he PL, 
infclined to the plane PK. They both pass thr6ii||^ 
the axis of the earth. The two planes -will he ife 
clined; and the stars will not appear to pass these 
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two planes, or thiongli the two transit instnimcnts, 
at the same time, l^e inteiral of time will depend 
entirely on the inclination of the meridian at these 
two pL^es. If, then, wo erect a transit instrument 
in one place, and another transit instrument at 
another place, and compare the times at which the 
leame star passes the two transit instiumonts, we 
lhaye the means of seeing how much the planes of 
fthe meridian are inclineiL It makes no difference 
whether we suppose'the earth to turn round so as to 
bring the plane of FL to pass through S, or suppose 
the star to turn round the earth, so as to make 8 jxiss 
through the plane of FL; the result is just the same. 
Now ^ere are various ways* in wliich the comparison 

* Since the dcUyery of those Lectures, the comparison of 
dock-times, by means of the Electric Telegraph, has boen 
applied to tho detoimination of the difference of longitudes, 
first in America, and subsequently in Europe. The mode of 
procedure is as foUows: suwosc it is desired to ascertain the 
difference of longitndcs of Paris and Greenwich. At tho mo¬ 
ment when a star crosses the meridian of Paris the clock-timo 
is obsorved; and simoltaneously tho obserrer, by means of the 
Electric Telegraph, transmits a simal to Greenwidi; the time 
at which the sig^ arriyes at the latter is noted by an obseryer 
there. If electricity trayolled instantancoudy from the one 
dace to tho other, the difference in hours, minutes, and seconds, 
bstWBon the times at which the signal was despatched and re- 
edye^ would be exactly the difference between Paris and 
Greenwich time; but, the yelooity of tho electric fluid being 
finite, the quantity in question is lest than the diffsrenco be¬ 
tween Paris and Greenwich time by the time occupied in tho 
transmission of the signal: because Greenwich time is 

behind Paris time. Again, when the star reaches the merihan 
of Greenwich, a signal is in like manner sent to Paris by the 
obseryer: the diffbrence in hours, minutes, and seconds, be¬ 
tween the times of its being sent and roceiyed is now greater 
than the difference between Paris and Greenwich time by the 
time oeeauj|ff in the transmisfiion of the B|j|^: greater^ be- 
oattaeta(j|||M ii before Greenwich time. mean between 
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of the times may he effected. One of them is hy the 
use of an instantaneous signal of light. If 1 fiie 
gunpowder on a high mountain, and if my assistants 
observe, from the two places where the instruments 
oie i)laced, the time when the flash of gunpowder is 
secui, 1 can compare the clock at the two places. 
One person observes the clock-time at the one place 
when the flash occurs, and another observes the 
dork time at the other place when the flash occurs; 
and therefore, as soon as a letter can be sent by post 
fi'om one pbico to another, I know how much one 
clock is flutter or slower than the other. Another 
method is, by conveying watches, or small chrono^ 
met(>rs from one place to aiiother. For instance, an 
expedition wiis arranged by myself some years since, 
to obsorv(* till* diflerence of time between Greenwich 
and Yalentia, on the south-west coast of Ireland. I 
had thirty clironomctors carried backwards and for¬ 
wards more than twenty times flx>m Greenwich to 
Yalentia, to compare the clocks. The chronometers 
were conveyed by railway carriages, by steam boats, 
by mail coaches, and by Irish cars, between Gieenr 
wich and the west of Ireland. By means of these I 
was enabled to compare the clocks at the two places; 
and by transit observations made with the assistance 
of these clocks, and with proitor calculations, the 
times of the imnsits of the stars wore compared, 
and therefore, I got the inclination of the planes of 
the meridian. By a survey-triangulation, extending 
in the cast and west direction i^m Greenwich to' 
Yalentia, the distance was known in yards; and,* 
knowing the distance, and knowing the inclination 
of the planes, the whole circumfoionce of the parallel 

tho two quantitioB thus determinod by obaervatioa, is the dif- 
ferente between Feiu and Greenwich time. 


F 
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of latitude passing through Greenwich was easily com¬ 
puted. Then we have to examine whether this circum¬ 
ference corresponds to the circumference calculated 
on the supposition that the earth is a spheroid, with 
a shorter axis of 41,707,600 feet, and a larger axis 
of 41,847,400 feet, and it is found to correspond well. 

• By means, then, of meridional measures by triangu¬ 
lation, and the Zenith Sector, and by means of east 
and west measures by triangulation, and observations 
with the transit instruments and comparisons of 
clocks, we have got sufBcient information upon the 
form of the earth. Now, observe the very important 
conclusions to which that leads. In the observations 
given in the former lecture, we found that the whole 
of the heavens appeared to revolve, and we say, 
either the heavens revolve in the direction from the 
east, through south, to west; or the earth revolves 
in tiie direction frx)m west, through south, to east. 
Which of these is the more likely? Astronomers agree 
without exception, that it is the earth which revolves. 
^I^d I will tell you why. I dare say every person 
vhom I see here has bee P - brou gh t up m Jhe belief 
hat the earth does turn round. But, 1 ask, if they 
lad not been brought up in that belief, whether they 
970uld believe it now from what I am telling them ? 
[ do not think they would. Amongst all the subjects 
)f natural philosophy presented to the human mind, 
here is nea s e - tha t . a taggers it so effectually as the 
/assertion that the earth moves. - W"e must not be 
’uncharitable, then, towards people in the middle ages 
who did not believe it. To think that the solid earth 
moves, that the solid glftond is going round at the rate 
of one thousand miles^an hour, do you believe it? 
I will endeavour to give you grounds for the belief 
111 the first pla^, I must say that even the 
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astronomers of antiquity had got a rough notion of 
the distances of some of the celestial bodies. But one 
mil do for our present purpose. The muon is a long 
way off. There is a phenomenon of the moon ob¬ 
served frequently, in the interpretation of which 
there can be no mistake, namely, eclipses of the 
moon. We see that the moon, in her motions 
through the stars, dips into something which ob¬ 
scures her. There cannot be a doubt that it is the 
shadow of the earth. The moon goes into this 
shadow on one side, and comes out of it on the 
other side. The time which the moon occupies in 
passing through this shadow is, roughly speaking, 
four hours. The moon, then, is at such a distance^ 
that in passing through the shadow of an object asi 
.big as the earth, she is occupied only.four hours.S 
iThe moon, therrfore, in her course describes the- 
I breadth of the earth in four hours ; in one day she 
describes six times the breadth; and as thirty days 
is a rough measure for the time of her revolution, she 
'.describes in one revolution 180 times the breadth of 
' the earth, and therefore the whole circumference of 
I the moon’s orbit is something about 180 times the\ 
f breadth of the earth, and the diameter of the moon’s I 
^ orbit is about 60 times the breadth of the earth. 

\ Therefore the moon is distant from us by about 30 
I times the earth’s breadth. 

) But there are other facts founded on observation. 
IThe sun is further off than the moon. There ore 
•phenomena called eclipses of the sun. We know 
;that these correspond to times when the moon ap¬ 
parently approaches the sun; they are undoubtedly' 
caused by the moon passing in front of the sun.' 
Again, the stars are farther off than the moon; > 
'b^ause the moon passes in firont of the stars, 

V 2 
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iproduoing wliat is called occoltation. But they are 
fnot only Airther off than the moon, hut they are a 
good deal further off than the moon; and the rt^ason 
ff)r knowing it is this: suppose one object is dose 
behind another, then the more distant object will 
either be hidden by the nearer, in whatever part of 
the earth we may observe it, or will not be hidden 
at aD. But, suppose the more distant object to bo a 
long way off, llien, when it was hidden ffx)m one 
part of the ea^i, it would be visible to another part 
of the eartL Kow, that is the case with i-egard to 
the eclipses of the sun and occultations of the stars. 
If we examine into the appearances of an occultation, 
as seen at different parts of the earth, in some parts 
a star is hidden by the moon, in others it is not 
hidden at all If we examine into the circumstances 
of a solar eclipse, as seen at different parts of the 
earth, in some parts the moon is seen on the north 
side of the sun; in other places the muon covers the 
sun; and in other places the moon is seen on the 
south side of the sun. It follows that the sun is a 
good deal further off than the moon. Thus it appears 
that the system of heavenly bodies which surrounds 
the earth is of considerable size. The moon is far 
off’; the sun and stars are much further off' than the 
moon. The moon, therefore, is not a small body; 
and the sun (which in spite of its great distance 
apx)earB so large) must be a very large body. The 
stars are either connected in one system, or are so 
veiy far off that theiT idative movements are in¬ 
sensible. 

^ow, is it more likely that this laige frame of 
t things is tiiming one way, or that this small earth is 
' tum^ the other way ? Anybody must see at once, 
I from the magnitude of things, that it is xnost probable 
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the earth is turning round. And, as regards the 
stars, the mere circiunstonce of their seeming to move 
all in a piece is a strong proof that they do not move 
sensibly, but that the earth moves. If you apply the 
same reasoning to any ordinary sublunaiy consider¬ 
ations, you will be struck at once with the conclusion. 
If 1 am sailing in a ship on the open sea and see 
vessels moving about me in all directions, and if any 
) person in the sliip asserts that our own ship is at rest 
, and t})at aU the others are moving, there is nothing 
' particularly unreasonable in it. But if I am enter¬ 
ing into the Ipswich river, and I see not only ships 
moving, but every church and warehouse, and the 
solid banks which connect them, moving past me, 
anti if a friend at my elbow should say, “you are not 
moving, but all these solid things, churclies and 
’houses, and fixed objects and banks, are in motion,” 
il sboultl consider him to be a madman. The argu¬ 
ment is precisely the same as applied to the heavens, 
df we had nothing hut the sun and moon turning 
'about in various ways, even then, and remarking 
;tboir great size and their great distance, and the 
/great speed with which they must be sujiposcd to 
iturn, (for the moon must be supposed to move at 
the rate of 60,000 miles an hour, and the sun 
jreiy much quicker,) their daily revolution round 
.ihe earth would be very unlikely. But when we 
have things of such an immovable character as the 
system of the stars, (like that of the banks of a river, 
or the solid erections which are there visible, as cm- 
, pared with our small sailing ships,) then the ieason 
lof man tells him at once that these things must he 
{things of a fixed character—and that if these.,things 
be things of a fixed character, it is we who tum- 
f ing and the earth which goes round. This is reason- 
( ing which ought to be received, and 1 cannot see why 
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I [^ was not received by those who were able to reason 
'bn the matter in more distant times. 

But when the telescope was invented, fmsh objects 
presented themselves for contemplation, and new 
arguments were furnished. We then obtained a 
sight of the planets, particularly of Jupiter. We 
saw that he is a spherical, or rather splieroidal planet, 
like the earth, but probably much bigger. We can 
see spote_uj)Q.nr Jupiter, and by these we can ascertain 
that ho revolves in a much shorter time tlian the 
earth, or in about ten hours. Now, the knowledge 
of these things in later days has become a very strong 
argument indeed. Jupiter is a large phuiet that 
turns on liis axis, and why do not we turn? We are 
very m^ch alike in our general character. 

, But, finally, we come to another observation, 
' founded on our determinations of the figure of the 
\ earth. We have found, from measures, that the 
'.earth is flattened at the Poles, or turnip-shaped. 
|ThiB leads, tlich, to the'question—^is that connected 
Iwith tlie rotation of the earth ? *Most certainly it is. 
I If we take anything circular which admits of a diange 
(of form j if, for instance, we mount a hoop, as in 




lECTUME IL 


71 


rapidly, and wliirl it round; then as soon as the 
motion of rotation takes pl^e, the hoop becomes 
flattened. 

b'rom all these considerations then, put together 
[in proper order, we infer, as a matter of positive cer- 
I tainty (however hard it may be at first for our minds 
‘ to receive it), wc infer as a matter of ceit^ty that it 
is the earth which revolves.* 

j I shall now proceed with the next subject—^the 
{apparent motion of the sun amongst the stars. 1 


make a point of entering upon this subject at tlie 
present time, that 1 may address to you some rough 
observations for your guidance in the enquiries which 
this subject involves. 1 slndl explain to you the 
evidence which is witliin your own reach, and which 
proves that the sun apparently moves through the 
sUirs. I have not yet specially alluded to the sun in 
spcfildng of revolution; my remarks on that point 
referred only to the stars. I am now, however, going 
to speak of the sun a little, though it is necessary to 
have the stars to begin with, as fixed points in the 
heavens. 

Everybody knows the leading difference between 
summer and winter; wc know that the days are 
I longer in the summer than in the winter. If you 
; consider for a moment something else which you 
jknow and have remarked, you will see this, that the 
/position of the sun is different in summer from what 
jit is in winter. In summer, the sun at noon-day is \ 
' liigh in the heavens; in the winter at noon-day he is | 


* Since ihese Lectures were delivered, M. Foucault has de- 
\ vised some experiments for rendering the rotation of Eardi 
^ visible to the eye. An account of these will be founH in the 
I Appendix. 
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low. In Sommer the sun is a long time al)oye tlie 
horizon, and a short time helow; in winter lie* is a 
short time above the horizon, and a long time below. 
In summer, the sun rises north of the oast point, and 
sets north of the west point; in winter lie rises 
south of the oast point, and sots south of the west 
point. These observations are all exidoined by 
saying that in summer the sun is nearer to tlie North 
Polo, and in winter nearer to the South Pole. And 
this you can verify without the smallest trouble, from 
your o^vn observations. 

Now, I will offer a few words in regard to the 
stars visible at different times of the year. I will 
suppose that at eleven o’clock at night you look out 
to see what stars arc on the meridian. On the ilibt 


of January, if you look out at eleven o’clock at niglit, 
<you will see the grand constellation Orion on the 
‘meridian; Aldebaran and Pleiades ore west of the 
meridian. The bright star Sirius has not yet come 
,to the meridian. I now suppose that you look out, 
fin the same way, on the first of February, taking the 
I same hour. On the first of Februaiy, at eleven o’clock 
I at night, you see that Aldebaran and the Pleiades 
) are setting in the west; that Orion has got a good 
I way to the west; and that Sirius has pasbcnl the 
i meridian a little way. There are three conspicuous 
jStars near the meridian, well known by everybody 
'who is accustomed to look at the constellations; 
{namely, the pair of twins. Castor and Pollux, and 
IProcyon, or the Little Dog. On the first of March, 
at eleven o’clock at night, you again loo^ out; 
Castor, Pollux, Sirius, and the Dog Star, have tlien 


.gone away to the west; Orion is now setting; and 
|we then have the stars of the constellation 'Leo, 
jwhich is a bright constellation, approaching the 
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^neridian. On tlie first of April, at eleven o’clock at 
^ght, jon again look out, and you see what is the 
jstato of thi^B. The constellation Leo then has 
/almost passed the meridian, except the bright star B 
I (Beta) Leonis. On the first of May, at eleven o’clock 
|at night, you again look out. You then observe 
- that Leo and the whole set of stars are travelling 
i away to the west; and then we have the bright stiff 
; Spica in the constellation Yiigo on the meridian j 
and we have the great red star Aicturus approaching 
the meridian. In the following month, on the first 
; of June, at the same hour of the night, we again look 
out. We find that Spica has gone away to the west; 
tliat Arcturus has passed the meridian; and that 
other less conspicuous stars ore on the meridian. In 
the same manner, if we go through the other months 
of the year; if, at eleven o’clock at night, on the 
first day of eveiy month, wo watch the appearances 
of the stars on the meridian, and compare them with 
those of the preceding month, we find that, from one 
moiithibo another, they all travel on in the same di- 
^ rection towards the west. 


Now, what is the inference 1 Is there any pecu- \ 
liarity in the motions of the stars) No, it is the^ 
motion of the sun. Our hour of eleven at night is ^ 
referred by habit to the motion of the sun; and thus, 
when we speak of eleven o’clock at night, we mean 
that the sun is in a certafri ; and, therefore, 

) that the stars ifive feSii afiiroction from east to 
west, with respect to the sun. 

^ But.jthis may be interpreted another way. Be- 
,>gardu^' the stars as fixed objects, we get this: the 
sun travels round in the direction from west to east 


^ among the stars. Besides this, we have found tibat 
I he travels in such a manner, that he goes neaxer the 
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North Pole in summer, and further from it in winter. 
Those are the general facts deduced from our ohser- 
vations. But, su]) 2 )osing wo do nut trust to them; 
supposing we make use of the Transit Instrument, 
and the Mural Circle. By the former wo observe 
how long the sun is jiossing the meridian after a star; 
we find it is later and later every day; tliat every 
time the sun comes to the meridian, he has travelled 
(with respect to the stars) towards the left or towards 
the east, in such a maimer, that, in the apparent 
diurnal motion, or passage, ho is Liter and later, with 
respect to the stai's, eveiy day. Supjioso that witli 
the Mural (hrcle we observe the altitude of the sun 
^ every day when ho passes the meridian; we find Uiat 
, he is nearer to tlie Noitli Pole in summer than in 
winter. Thus, the sun tnivels to the left, and at the 
same time changes his distance fi'om the North I’ole. 

Now, putting these things together, if we were to 
idot on the globe a succession of observed places of 
the son, we should find they would follow each other 
in a curve, like tliat marked on Figure 24, (see Fron¬ 
tispiece,) which i-epresents two views of a celestial 
globe, on opposite sides. This curve is called the 
eclijptic. It is convenient now to refer our descrip¬ 
tion of this curve to the equator, which is the great 
circle on the globe equally distant ii‘om botli Polos. 
No^ we find that the sun’s path, or ecliptic, crosses 
the equator at two points. One of these is callod the 
First Point of. Aries, and this is the sun’s apparent 
iplace at the beginning of spring j from tliis point the 
tsun appears to approach nearer and nearer to the 
jNorth Pole until midsummer. Ho then appears 
'to recedo fi^iu the North Pole, and crosses the 
(equator in the first point of libra, at the begin- 
’ning of autunm, and approaches the South Pole till 
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mid-winter; after whicL. lio turns towards tlie first 
point of Aries. 

j Now, upon examining that curve or ecliptic, we 
'find tliat it is one of those circles which are called 
“gi*eat circles”; they divide the globe into equ^ 
h^vcs. I liavc stated this as a thing which would 
be one of rough evidence; that if, by means of the 
observations 1 have mentioned, (namely, how long 
the sun is in passing the meridian after a star, and 
what is its angle of elevation when it passes the 
meridian,) if by moans of these we mark on a globe 
the successive places of the sun, wo shall find all the 
successive points in a curve, such as I have described. 
When 1 say that it goes on tlie globe in such a curve, 
you must understand that there are ways of compu¬ 
ting these things; that having got the interval of 
time between the sun and a star in passing the me¬ 
ridian, and the angular elevation of the sun when it 
does pass' the meridian, it is possible, by computation, 
to find whether it is going on in such a curve as I 
have described; but tliuit these computations, though 
they amount to the same tiling as dotting the sun’s 
places down on tho gloho, are a great deal more acou- 
fate. It is thus found that the ecliptic, or apparent 
fpath of the sun thixiugh tho stars, is accurately a 
igreat circle, or one wliich divides the globe into equal 
ihldvQs. 

\ The first point of Aries, as I have said, is one of 
itbe places where the ecliptic crosses the equator; it 
,is the point wliich the sun passes at the beginning of 
spring; it is not marked by any star, or fixed object 
\q£ any kind. Though it is an imaginary point, yet, 
jfirom having a series of places of the sun, defin^ by 
*lthe ditferohee of times at which the sun and a bright 
%tar pass the meridian, we can tell as exactly where 
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i that interaection is, as if it were marked by a con¬ 
spicuous point in tbe houvens. 

Now, the statement that the sun appears to move 
in a great circle on the globe amounts to this: that 
the sun appears to move in a plane which passes 
! through the eartlL For all globes represent the stars 
las they would appear if the observer wew at the 
f centre of the glo^; and a great circle is one whose 
plane passes through the centre of the globe. If we 
found that the sun was describing one of ttie smaller 
circles on the globe, then we should say the sun was 
not moving in a plane round the eartL lint, ns it 
appears to describe a great circle, then wo can assert 


' that the sun appears to be moving in a plane round 
|the earth. Now we come to the question. CJaimot 
W^e explain this differently in another way! Is it 
prtain that the sun is moving in a plane round the 
earth, or is it cerhdn that the earth is moving in a 
plane round the siinf Either supposition >vill da 
At the present moment we have no evidence to guide 
u; we have nothing to tell us whether the sun is 
moving round the e^h in a plane, or whether the 
haxth is moving round the sun in a plane. But we 
uhaU shortly have evidence on the point 


I In the meantime I will mention this; that there 


I is no inconsistency in supposing that the earth does 
move round the sun. As regards the position pf the 
earth’s axis there ore two sup])osition8: either that 
•the earth remains with the place of its centre un- 
tmoved and with its axis in a certain position, and 
jtliat the sun goes round at a certain inclination to 
•that axis, thereby causing the change of seasons; or 
klse, if the sun is fixed and the earth goes round the 
bun, the position of the earth’s centre is clianged with 
fxpg^ad to the sun, but the position of the axis must 
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ti^main the same relativdy with itseli This is a 
Ipoint of great importance. You will remark that all 
tthese conclusions are deriyed from ohservations of 
'the stars ; that observations of the Polar Star axe 
used to determine the Pole round which the heavens 
ap])eaT to revolve; or on the more rational suppo¬ 
sition, to determine the point of the heavens towa^ 
which the axis of the rotation of the earth is supposed 
to be dii'ected; summer or winter, the Polar Star is 
the Polar Star still, and guides our observations; 
summer or winter the axis of the earth is directed 
towards that same part of the heavens where the 
Polar Star is seen. Therefore, if the earth does 
revolve round the sun, wo must suppose it to revolve 
in such a manner, not that its !Noith Pole is always 
inclined towards the sun, but that it is sometimes 
in(‘lined away from the sun; in point of fact, the 
motion wiU bo imitated by tbe motion of the earth 
in the simple orrery,* represented in Figure 25. 



FIO. 26. 

* In Figure 25, A represents a block to be screwed to the 
table; B, a grooved pulley fixed firmly to A, and having no 
motion whatever; G, a stand supporting a lamp D, wbiidi 
represents the sun; £, an ana which toms round the axia of 
B, running upon a small roller F; 6, a grooved pulley of the 
same size as B, which turns in E and carries the axis of the 
earth II at the inclination 23| degrees to the vertical.^ A band 
is passed round B and G. Then, when tro earth is tnmed 
round die sun, its axis moves idwaya parallel to itself. 
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Everybody who knows the character of the seasons 
at the diiferont ports of the earth, will know that this 
representation is entirely in conformity with their 
respective changes. Therefore, we must make the 
following supposition: that if the earth does turn 
round the sun, its axis of lutation remains parallel to 
itself, having no reference whatever to the sun, 
whilst the earth is going round the sun; or, to 
express it in other words—>that the earth has the 
power of preserving its axis of rotation in the same 
position all the time. 

Now, it is remarkable, os a mechanical fact, that 
‘ nothing is so permanent in nature as the axis of ro¬ 
tation of anything which is rapidly whirled. We 
'have examples of this in every-day i)ractiee. The 
first is the motion of a boy’s hoop. You Avill think 
perhaps that this illustration is of rather a Rii]x^rficial 
eharacter, but it is of great importance. What keeps 
the hoop from falling ? It is its rotation. 1 cannot 
now enter upon the explanation of this, which is one 
of the most complicated subjects in mechanics. 
Another thing pertinent to the question before us, is 
the motion of a quoit Everybody who ever threw a 
r quoit knows, that to make it preserve its position as 
I it goes through the air, it is necessary to give it a 
' w&ling motion. It will be.seen, that while whirl- 
,ing it preserves its plane, whatever the position of 
^the plane may be, and however it may be inclined to 
jthe direction in which the quoit travels. Now, this 
^has greater analogy with the motion of the earth 
^than anything else. Another admirable illustration 
' is the motion of a spinning top. I hope I shall not 
ihe thought 4Qrogating ficom the dignity of science by 
Igiving such an illustmtion. The greatest mathema- 
ftidan of the last century, the celebrated Euler, has^ 
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written a whole book on the motion of a top, and his 
Latin Treatise motu Turhinis'^ is one of the most 
remarkable books on mechanics 1 ever read in my 
life. The motion of a top, I repeat, is a matter of the 
greatest importance; it is applicable to the elucida¬ 
tion of some of the greatest phenomena of nature. 
In all these instances, there is this wonderful ten¬ 
dency in rotation to preserve the axis of rotation 
unaltered. 

Kow, from all these circumstances, we see sufficient ^ 
reason to explain how, whilst the earth is going round 
the sun, its axis of rotation should remain parallel to 
itself without being disturbed, that is to say, that the 
position of the axis has no respect whatever to the 
sun. Whatever the position of the axis of rotation 
ibe, the earth will travel through space keeping that 
taxis of rotation in the some position with regard to 
hbe distant ^tors. Having reached this very impor- 
mnt point in the science, 1 will stop for the present. 
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LECTUEE III. 

Becapitulation of Lecture II.—Apparent motion of the planets. 
—Greek Theory of Planetary MotionSb—Epicycles, Defer¬ 
ents, ftc.—Gopemican Theory.—KeplePs Elliptio Theory. 
—Theory of Central Forces.—Laws of Motion.—Com¬ 
position and Eesolution of Forces.—Motion of a Planet in 
its orbit deduced from these laws.—^Measure of distance 
by Parallax. 

T he subject of the lecture of yesterday evening was 
the dimensions, the figure, and the rotation of 
the earth. I then thought it necessaiy to put before 
you some details of evidence relative to the rotation 
of the earth; .and in again entering upon that sub¬ 
ject, but not exactly in the same order in which I 
took it last night, I shall feel it necessary to remark 
that it is highly important, in beginning a subject 
like this, to divest yourselves, as ^ as you possibly 
can, of notions acquired in the ordinary routine of 
education. Every person here has, without doubt, 
been brought up in the belief that the earth is in 
motion; and, because they have had thi« 
stillnfl into llieir min ds ^m their earliest infancy, 
they may liave CQn^uded that it is necessanly and 
obviously true. This is a thing most dangerous, and 
instances are not wanting to prove that in every 
branch of science, absurdities have arisen from it. 1 
may mention one which just at this moment occurs 
, to my mind, and which influenced the mind of one 
of the earliest philosophers of the Eoyal Society ^ 
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London. At tho beginning of that Society, as at the ' 
beginning of most Societies, although some care 
might have been taken that no absurdities should 
creep in, it was difficult to avoid them entirely. And 
in a paper which was intended to prove the truth of 
the Copemican theory, for which purpose the writer 
(I do not remember why) thought it necessary to 
prove that the stars are at tolerably equal distances, 
he begins by establisliing the latter proposition by 
means of tho following assumption; “Now wo all 
know that heU is the centre of the earth.” It seems 
perfectly absurd at the present time that anybody 
shouhl start with a proposition like that to work out 
a physical theoiy. Yet it is equally absurd to assume 
at once tliut tlio earth is in motion, and for that 
reason I have been anxious to convey to you the 
evidence by which it is proved generally that the 
earth is in motion. And 1 shall now proceed to re¬ 
capitulate, in as few wokIs as I can, the main points 
of wliat was said yesterday in regard to the earth. 

I endeavoured to point out to you the method of 
measuring tho earth, and I told you that we wanted 
the means of measuring hundreds or thousands of 
miles. In some instances it is obvious that to 
measure a long meridional arc, in the most direct line 
that the earth’s curvature permits, is an impossibility. 
Tlie way is, to measure a short line which I call the 
base line, being a few miles in length; and great 
\ trouble is necessary to give even to tins measurement 
lithe requisibe accuracy. When the base is measured, 
we pLmt theodolites at its two ends, and by means 
of these wo observe a signal upon a hill, or any other 
distant placa It is then usual to cany a third theo¬ 
dolite to the signal station: this is not absolutely 
necessary, hut it is done as a matter of prudence, to 

G 
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verify tlie observations in case of suspicion of error. 
iN'ow, having the base of the triangle, and the two 
angles next that base, there is then no diiliculty in 
laying them down on paper, or in calculating the 
other sides of the triangle, ^en we may use one of 
these computed sides as a measured base, and if from 
its two ends we can see some other signal, we can 
observe it with our theodolites, and compute its dis¬ 
tance in the same manner: and in this way the 
triangulation goes on. Thus, in Figure 17, a scries 
of triangles was formed, extending from Slianklin- 
Down, in the Isle of Wight, to Clifton, in the south 
of Yorkshire. 

I called your attention particuLarly to the remark, 
that this is the first instance in which we use the 
yard measure, which is done by actual application in 
measuring the length of the base, and by computation 
tom this in measuring the length of every one of the 
sides of the triangles; and thus we do really get the 
different distances in the tiiangulation, by Idle use of 
a yard measure. 

I then mentioned to you that, supposing wo had 
extended the survey over a very long distimce, the 
next thing was to make use of the Zenith Sector, 
Figure 19, which consists in its important feature of 
a telescope with a graduated arc CE attached to it, 
turning on two pivots AB, and with a plumb-line 
suspended tom, or passing over, one pivot B, and 
crossing the graduate arc. (The Mur^ Circle may 
be used for the same purpose, but the Zenith Sector 
is rather more convenient.) We have then to con- 
ader that, whatever the form of the earth may be, 
using the expression as applying to the fluid part of 
the earth, we must suppose also, from the nature 
of a fluid, that the direction of the plumb-line is. 
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perpendicular to the surface, and therefore, if we sup- 
Ijoao the earth to he fluid, the plumh-line will be always 
perpendicular to its surface. If, then, we plant the 
Zenith Sector at A, Figure 18 or 20, the plunib-lino 
will hang in a direction perpendicular to the sur¬ 
face at A. But if at B, the plumb-line must hang in 
thcj direction perpendicular to the surface at B: there¬ 
fore if at A we observe a star nearly overhead, then 
the i)liimb-]iiio will fall over the point G of the arc; 
but if we carry the Zenith Sector to B, and turn the 
tel(«3cope to the same star, the plumb-line will faU on 
the i)oiiit g of the arc. Inasmuch, therefore, as the 
telescope, from being directed to the same star, which 
is excessively distant, tdccs the same direction in 
(lifFemit places; and, inasmuch as the plumb-lino 
takes diflei’ent directions in different places; by 
means of these we get the variable positions of the 
pluinb-lino referred to the invariable position of the 
telescope. I then calLcd your attention to Figures 
20 and 21, and said, if we suppose the vertical lines 
at A and 15 to be earned do'wn till they meet at H, 
the angle made by these two verticals, or by the two 
plumb-lines,* would be the difference of the Zenith- 
distances of the star as observed at A and B, that is 
to say, the difference of the two angles made by the 
telescope with the plumb-line, first at A, and secondly 
at B. Having got the angle of these two Hues, AH 
and BH, and the length of the lino AB which con¬ 
nects their ends, we are enabled to calculate the 
length AH or BH, or the number of miles of distance 
of their intersection H. This is, in point of fiawst, the 
semi-diameter which must be taken in order to sweep 
the curvature of the arc AB; or, if you please, we 
may put the result in this shape : we may say that, 
liaving travelled 830 miles, we find the inclination of 

G 2 
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the verticals to bo 12 degrees, andtheieforo vre should 
have to travel 69 miles to make the inclination of 
the plumb-lines one degree, and that is comiuonly 
expressod by saying a degree on the earth’s surface is 
equal to 69 miles. 

1 then pointed out to you the principal lines 
which have been accurately measured. AU these 
lead to the conclusion, that towards the Poles of the 
earth you have to travel 69} miles in order to pass 
over the space where the direction of the vortical 
clianges by one degree, but that near the equator 
you have to go only 68| miles, in order to pass over 
the space where the dix^tion of the vertical changes 
one degree. 

Now, I call your attention to the interpretation of 
tills circumstance: it shows that the earth’s dimen¬ 
sion is greater in the direction of the equatoroal axis, 
as shown in Figure 21. It is necessary to consider 
that the direction of the vertical is not to the centre 
of the earth—it is perpendicular to the surface; and 
the intersection of the two verticals at H or ^ does 
not give the distance from the centre, and does mit 
depend on the distance from the centre, but on the 
curvatm^o at each place. And inasmuch as, whm 
near the Pole, you have to travel the greater distance, 
in order to go through the some change of the direc¬ 
tion of the earth’s suifcu^e, it proves this: that the 
earth is less curved at the Pole than near the equator, 
and that you come to a shape something like Figure 
21. About AB the Bxa&xse is comparatively flat; 
about ah the curvature is sharpened; and at the Capo 
of Good Hope, or about A'B^, it is flattened again. 
So that we come to the conclusion, so fEor as our mea¬ 
sures go, that the form of the earth is somewhat 
turnip-shaped, or is what we call an oblate spheroid. 
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But there is anoiher kind of evidence derived from 
the measure of arcs of longitude, obtained by ascer¬ 
taining the difference of time at which the transits 
oi‘ stars are seen at different places. Thus, in 
Figure 22, the star S is not on the meridian at the* 
two ])lace8 K and L at the same moment of time. 
Now, we want to measure the difference of time at 
wliich a star passes over the meridian at the two 
places; and this is done by using some means of 
com])aring the times of the two clocks at the twx 
stations—thus ascertaining how much one clock is 
before or behind the other. And imusmuch as we 
have the transit instrument, we can detennine 
the absolute times at winch the same star passes at 
both stations; so tliat by observing transits of the 
star with the clock at one place K, and by observing 
tniiisits of the same star with the clock at the other 
]>lace L, and comparing the clocks, we have the 
means of asceiiaining the absolute difference of time 
of transit; and when we have done that, we can toll 
how gieat a fraction of the revolution of the earth 
has been performed. Clocks may be compared by 
observation of instantaneous signals, such as the 
licslios of gunpowder fired on elevated stations. 
There is one long arc, commencing in the neighbour¬ 
hood of Padua, in Italy, crossing the Alps, and ter¬ 
minating at Marennes, near Bordeaux, in France. 
Iiifennedhite places, A,B,C,D, &c., wore chosen for 
clock stations, in such positions that one set of 
signals on an intermediate mountain could be seen 
both at A and at B; another set of signals on 
another mountain could be seeu both at B and at C, 
and so on to the end of the arc j and thus clock A 
was compared with clock B, clock B with clock C, 
^c., to the end of the arc. Another method of 
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peiforming tlie same operation is tliat which has 
been used on the arc fiioin Greenwich to Valcntia, in 
the south-west of Ireland. Thirty clironomotors were 
carriod backwards and forwards twenty-two times, 
and in this manner the clocks were compared with 
great accuracy. Surveys have also been carried on 
by triangulation, connecting the extreme east and 
west stations (as Padua and Marennes, or Greenwich 
and Yalentia) on the same principles os the surveys 
in the north and south direction. Thus, tlien, from 
the comparison of the clocks, and the observations of 
transits, we have the means of knowins; the fraction 
of a revolution which the earth has jjtTtbrmed, from 
the time when a star passes over the meridian of one 
place, to the time when the same star passes over the 
meridian at another place. Thus the difi'erence of 
these times at Greenwich and Yalentia was found to 
exceed 41 minutes 23 seconds. Kow, the prohleir 
becomes this: if in 41 minutes 23 seconds so man> 
miles pass under the meridian of the star, how many 
miles will pass under the meridian in 24 hours'if 
This is a mere question in the rule of thme. The 
whole girth of that particular part of the earth may 
thus ho obtained. 

We have thus got the measures of the meridian in 
various parts, giving us the length which it is neces¬ 
sary to go for a degree; we have got two grand 
measures of parallel (as they are caUod), and also 
some smaller ones, giving us the girth of the earth in 
ditfjsrent parts. The question then is, what sort of 
figure do tliey belong to? Do they belong to a 
spheroid ? Upon trying this we find they do belong 
to a spheroid, so that % giving certain dimensions 
to the spheroid, the measures of all the dificrent arcs 
will he very w^ represented. The diameter passing 
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through the Poles must be about 7899 miles; that 
passing tlnough the equator about 7926 miles. 
Therefore we may consider it as established, that the 
form of the earth is spheroidal 

The next thing we have to consider is, what in¬ 
ference we jire to draw from tliat, in reference to the 
movement of the earth. By a rough experiment it 
was shown, that if we take any circular substance 
tliat is susceptible of a cliange of shape, and whirl it 
round an axis, it wiU change from a circle into an 
oval; we think, therefore, that even supposing we 
Lad notliing else to guide us, there is good reason to 
infer, from the oval shape of the earth, that it does 
turn upon its axis. But, in addition to this, wo see 
the sun, moon, and stars, every day turning from 
east t(j wf!st. We know (by the duration of the 
lunar eclii)*ios) that the distance of the moon is con- 
<*klerable ; and (by the fact that solar eclipses 
and occultations of stars do not extend over all the 
eaiih) that the <listancos of the sun and stars are veiy 
mucli greater; we alst) see that the system of stars 
appe al’s to move all in a piece; we judge it unlikely 
that these distant bodies should thus revolve round 
the eartli every day. And wo conclude that the ap- 
pamiit movement is caused by the earth’s turning 
from west to east. It is worth mentioning, that the 
planet .1 plnTifilxtfJlin systom, turns 

visibly round its axis in a shorter time tlian the 
earth. You may suppose, then, that Jupiter is much 
more flattened by the velocity of his rapid rotation 
than the earth; and indeed you can see it at once 
with a telescope without the aid of a micrometer, the 
equatoreal being to the Polar diameter as 16 to 15, 
nearly—a proportion which makes the former mea¬ 
sure 5000 miles greater than the latter. 
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I then Bpoke of the apparent movement of the snn 
amongst the stars; and in speaking of their move¬ 
ments, I endeavour^ to impress upon you hovr much 
you can observe for yourselves. You can learn more 
by your own observations than by the lectures I can 
.deliver, or by all the books you can read. ^ Jn speak¬ 
ing of the apparent motion of the sun amongst the 
Utars, I told you that in summer the sun is longer 
above the horizon and goes higher than in winter; 
the sun also rises more to the north in summer than 
in winter. Thus it describes a daily circle nearer to 
the iNorth Pole of the heavens in summer than in 
. winter; or, in other words, its place among the stars 
is nearer to the N’orth Pole in summer than in ^vinter. 
But there is also another set of facts, though not 
quite so familiarly known as these, which you can 
observe for yourselves. If you watch the appearance 
iof the stars at a certain hour every night, you will 
mnd that these stars are to bo found in a position on 
/the night of one month different from the position 
: they are in on the corresponding night of the foUow- 
.ing month. You wiU observe from one month to 
\ another (if you always look at the same hour of the 
I night) that they will travel away to the w(3st. These 
(motions are referred to the sun, by our habit of using 
|solar time; that is to say, at the same solar hour, or 
\whcn the sun is at the same distance from the 
meridian, the stars ore travelling away to the right; 
jpr, in other words, the sun travels away to the left 
limongst the stars. And at the same time, as I have 
mentioned, it changes its distance from the I^orth 
Pole. 

JS’ow, I will endeavour to point out to you how 
Jthis is more accurately observed. I remarked that 
ihe Mural Circle is used to determine how far the 
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Polar Star appears above the north horizon, at its 
hi^liost and lowest positions, and thus to determine 
,th:‘. height of the Polo above the north horizon. It 
is also used to determine how far the sun is above the 
south horizon; and &om these two measures the sun’s 
angular distance irom the Pole is obtained. When 
we were speaking of the transit instrument, 1 des¬ 
cribed its use in tliis manner: suppose we observe 
tlie time when some well-known star passes the 
meridian, (for instance, the bright star of Aquila, 
acbipted for that purpose by one of my predecessors, 
I)r. Maskolyne,) and also the time when the sun 
passes the meridian. The sun passes the meridian 
so many hours, minutes, and seconds after the star. 
We bring the place of the star on the celestial globe 
under the meridian, and then we turn the globe 
through th<' corresponding angle; then we know tliat 
the sun’s place will be somewhere under the meridian. 
At the time that it passes, it has a certain elevation 
above the horizon, and therefore a certain distance 
from the Polo, expressed in degrees and minutes, 
which is found by the Mural Circle: we take tliis 
number of degrees and minutes along the meridian 
irom the Pole; and thus we find the place where tlie 
sun was at the time of observation. We make a 
' mark on the globe at that place. We repeat these 
observations every day of the year; we get measures 
. of the same kind; and we find a series of places such 
I as these shown in Figure 24. When we come to 
i examine all these as laid down together, which may 
\be done roughly on a globe, or more accurately by 
Icalculation, we shall find that they are all lying in a 
(great circle. You must understand what is meant 
jby a great circle; it is a circle dividing the sphere 
'into equal ports. Its plane therefore passes though 
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the centre of the sphera Kow, our iiso of the celes- 
tial globe or sphere is founded on the assoioptioii 
that it is a repi'esentation of the heavens, on the 
supposition that the eye of the observer is at the 
centre of the sphere. This circle, then, in which the 
sun appears to move, being one whose plane passes 
through the centre of the sphere, or through the eye 
I of the observer; it comes to this, that the sun appears 
to move around the earth in a plane, or that the earth 
moves around the sun in a phme. 

' If the sun moves round the earth, we have only 
;to suppose that the earth stands with its centre sta- 
I tionaiy, but that it is whirling round its axis, and 
; that the sun travels round and round. If you suppose 
that the earth travels roimd the sun, it is necessary 
; to suppose that the earth’s axis retains its pandlelisni 
to itself without any respect to tlie sun. Kow, is it 
• likely that the axis of the earth 'would remain jiai*: 
aUel to itself without respect to the sun? In my 
^ fonner lecture, I called your attention to the motion 
f of a quoit and a top, in order to show you the strong 
^ tendency which rotatory motion has to maintain tlj(i 
' position of its axis unaltered. It is the quoit whose 
' motion has the most striking analogy to tlie motion 
of the earth. The quoit is not impeded by contact 
I with the floor as the top is. This bi^ been maxle the 
. subject of mathematical investigation, os well as of 
I experiment, and the result of both is, that the earth, 
I if revolving round the sun, would carry its axis of 
rotation always parallel to one line, as we see it. 

To this I may add one remark. Geologists have ol)- 
seived that important changes have taken place in the 
climates of diflerent parts of the earth. Some have 
supposed that the axis of the earth must have changed 
its position; hut there is no greater impossibility 
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than that the axia of the earth should change 
its position- So strong is the tendency of rotation 
to preserve the position of the axis unaltered, both 
in parallelism to itself, and with respect to its position 
in the staling body, tliat we may assert boldly that 
the eaiWa axis has always been in the same general 
position witliin the earth as when the earth first 
received motion. And its i)osition, as regards the 
jdaco aiiKJiig the stars to wliich it points, is affected 
only by the very slow motion called Procession of 
the Efiiiiuoxos (of which more will be said hereafter); 
an<l even this does not affect its inclination to the 
I)laiio of tlie ooli])tic. 

Having gf)t through this part of my subject, I will 
now pi*oceed to speak of the apparent motion of the 
planets. T1 k‘ movements of the planets are extremely 
coinj)lex. At the present time,* Venus is wliat is 
called the morning star; she is to be seen before 
.sunrise. If you watch her movements tlirough the 
..stars, yrni will see that her motion is in the same 
'direction as the motion of the sun. You wiU 
' remember what I said in regard to the motion of the 
sun; tliat it moves in regal'd to the stars, in a direc- 
jtiou opposite to the movement of tlio hands of a 
(watch. You cannot see the stars surrounding the 
sun though astronomers can see them with their tele¬ 
scopes ; but by watching the stars from month to 
month, you find that the stars appear to move away 
pom the sun towards the right, or that the sun moves 
Among tlie stars towards the left. That is called 
;diTOct motion. If you look at Venus at the present J 
Ainie' ybu‘will''see that she is moving in a direct! 
imotion faster than the sun. She will go behind thej 


* 15th March, 1848. 
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Sim, and after that she will he seen as aa evening 
star; she will th(njul)e going away from the sun; she 
win go away for* a -certain distance, hut more and 
more slowly, and the sun will he approaching towards 
WT; she become stationary ; then she will turn 
■bacWards and seem to meet the sun. 

Can we make xoasonahle thooiy to account for this? 
We can do it more easily if we refer the apparent 
motion of Venus to the sun and not to the stars. 
Venus sometimes passes the sun in going from left to 
right (relatively to the sun), and sometimes going 
fi^n light to left (relatively to the sun); and her gx> 
tieme angular distance from the sun towards the right 
is almost exactly the some as her extreme angular 
distance towards the left. The Greek astronomers 
began with a good assumption; tliey laid down at 
once the notion which they conceived must he the 
most natural and most proper, wliich was this : that 
every planet revolved in a circla They then sup¬ 
posed that the earth is fixed, and that the sun moves. 
They supposed that a bar, or something equivalent, 
is connected at one end with the earth, and that 
on some part it carries the sun; and as they saw that 
the planet Venus was apparently sometimes on one 
side of the sun and sometimes on the other side, they 
said that the planet Venus moves in a circle, whose 
centre is on the same bar. Whether they have ex¬ 
pressed themselves distinctly concerning tliis h^ I 
' cannot say, hut all their notions of the position of the 
centre orbit of Venus come to the same thing. Then, 
' suppose that Venus is revolving round the centre at 
the same time that the has moving, we then got a 
perfect representation oi^he apparent motion of 
Venus and the sun, as seen from the eartL These 
suppositions will he represented on Figure 26, by 
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supposing E to be the fixed earth ; E v S m w, a bar 
turning in a circle, having one'e^ fixed as at £; S,. 



the sun carried by it; the centre of the orbit in 
which Venus revolves; V being the planet Venus, 
connected vith by a bar (re^ or imaginary), and 
thus desenbing a circle round Vy while v itelf is 
earned on the bar round the earth. 

They supposed that Mercury (see Me in Eigure 26) 
revolves in another circle, and that its centre is on 
the same bar, but pcrliaps beyond the sun, as at m. 
They did not, however, pretend to judge exactly 
where these centres are; all that they were certain 
was tliis : that the centre of the motion of each 
planet is on the s^o^ bar that rapports the sun. 
Kow, you may eaai^ see that, on these suppositions, 
the pl^ets being viewed imm the ear^ Venus is at 
one time to the right, and at another time to the left 
of the sun, and the sun is carried round the earth in 
one year. The same is the case with r^ard to 
Mercury. 

With regard to Mars, they found out that its mo¬ 
tion can be represented extremely well, by supposing 
that this same biur carries another centre as n, around 
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wldcli Mars levolveB aa at Ma, earned hj an arm ro 
long that it piojects' h^ond the earth, so that its 
orbit completely surroimds the earth, as well as the 
siui, in describing its whole motion. 

Xt is, however, rather difficult for ns to conceive 
how the centre of this motion can be carried. There 
is no bar that we can sea It was, however, neces¬ 
sary for them to suppose that there is a bar which is 
attached at one end to the earth, and which carries 
the sun, and carries also the centres of the motion of 
the other planets. It does appear stiunge that any 
reasonable man could entertain such a tiieory as this. 
It is, however, certain that they did entertain such 
a'notion i and there is one thing which seems to me 
to give something of a clue to it: in speaking to-day 
and yesterday of the faults of education, I said tliat 
we t^e things for granted without evidence; man- 
Mnd in general adopt things instilled into them in 
early youth as truths, without sufficient examination; 
and I now add, that philosophers are much influenced 
hy the common belief of the common })eople. There 
is one passage in Herodotus, where he is endeavour¬ 
ing to account for certain phenomena in Egypt, 
which I have often read, and which, so flu* as I see, 
can only mean this : “ Iliat certain periodical winds 
do cany the sun from north to south, and that thus 
the change of seasons is produced.” I think it likely 
that Herodotus (who was a learned man for that 
time) hdieved that the sun was something in the at¬ 
mosphere little better than a cloud, perhaps not so 
important as an aurom boieahs, and that it might he 
oamed along by the winds. We know, also, that 
at o time n^ very distant from that, a Greek phi¬ 
losopher, named Anaxagoras, dissented from this 
notion, saying-r-" That the sun was solid, and as big 
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as* the country of Greece,” and that he was persecuted 
for saying so. Having these things before us, I am not 
niucli surprised that the Greek ^s&ouomers considered 
the sun os completely subordinate to the earth, and 
therefore supposed it to revolve round the earth; and 
when they had once adopted this idea, they were 
coTiipelled to take the complicated and unnatural ex- 
}>hnmtion which I have given of the motion of the 
planets. 

The motions of the planet Mars, however, still 
pi’cs(;nted some discordance, and there were some 
sniallcr discordances with regard to all the other 
plant‘tK. Then were invented those things, known 
by the. name of eT)i cycles, deferont s, &g. of which the 
nature may be thus expEmelT*" By the contrivance 
of which I have previously spoken, (and which is 
re]>resentod in Figure 20;, they found that the move¬ 
ment of the point Mos at the end of the rod n Ma 
would noai'ly, but not exactly, represent the motion 
of Mars. To make it represent the motion more 
exactly, they supposed that another small rod MU' 
W}is carried by the longer rod, jointed at M, and 
turning round in a different time. To make it still 
nioi'o exact, tbey supposed another shorter rod carried 
at N, and that its extremity carried the planet Mars; 
and so for the other planets. Of all the complications 
of systems that ever man devised, there never was one 
like this Ptolemaic system. The celebrated ICiTig o£ 
Castile, Alphonse, the greatest patron of Astronomy 
in Ills age, allndi^ to this theory of epicycles, said 
‘*If he had been consulted at the Creation, he could 
have done the thing better.” It was merely express¬ 
ing his absolute inability to receive, as a possible 
explanation of nature, such a complexity of things. 

But there was one consideration so simple, that it 
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^ms astoBishisg t^t it did not occur to people 
,11^016. . Wlien we ii^^oBe the earth fixed as at E, 
Eiguie 27, and takdi'V^^iiB (for instance) reyolviiig 



round a centre, we may alter the place of that centre 
and^ distance from the earth as much as we please, 
and we shall then get the same appearances, provided 
we alter the dimensions of the orbit of Yenns in the 
same proportion. As, for instance, in Eiguie 27, 
suppose E to be the earth, and suppose the small 
mmle in which V is to be the orbit of Venus, the 
sun being at S; then, in revolving in her orbit, Venus 
’ appears to go to a certain extent to the right and to 
the left of sun.' But we might take any other 
point on the bar, even the point S itself, for the 
centre of the orbit of Venus, provided wo give Venus 
a larger circle to revolve in. In the large orbit in 
which V' is seen, Venus will appear (as viewed iiom 
the earth) to move to the right or left of the sun; and 
if we do but make the orbit large enough, it will, as 
viewed from E, appear to just as much to the 
right or left of the sun as fi it moved in the small 
orbit We may then ^ the centre of the orbit of 
Venus wh^ we please.. When we have got thus 
for, we may easily make another step. Suppose we 
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assiune lihe centre of the orbit of Venus to be the 
same point as the centre <xlt^he sun: we shall not 
have so much complexity. I&ppose now we assume 
also that the centres of the orbits of the other planets 
are in the centre of the sun: we have seen that we 
can tluis account for the motion of Venus, by giving 
proper dimensions to her orbit \ and we can do the 
same thing for Mercury, and for Mars, and for every 
one of the pliuiets. Just observe the state of things 
we have got to, as in Figure 28; instead of having 



turns round the earth, carrying the orbits of the 
planets with it That is a considerable simplidcation. > 
In this state, I believe, the theory was received by 
the great Danish Astronomer, Tycho BiahA 
But now, instead of supposing the sun to be travel¬ 
ling, being itself the centre of the other orbits, and 
by some imaginary poWer causing the planets to re¬ 
volve round itsdf as their travelling centre, suppose 
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we say that, the eaxth leyolyes Toimd the sun, and 
that the sun is a iizcd, or nearly fixed body, and 
that all the planets, including the earth, go round the 
sun i that is, in Figure 28, instead of supposing S 
with the whole system of orbits to travel round E, 
suppose Ms, y, £, Ma, and others, to travel in 
separate orbits round S. The appearances of the 
planets, as viewed fiom the earth, will bo represented 
exactly as well as before. How it could then happen 
that a theory like that of the Greek astronomers could 
still be received as true, after the publication of the 
simple explanation which I have now given, is beyond 
my conception. It did, however, very much change 
the .relative importance of the sun and the earth; it 
made the sun the most important body of all, and 
the earth one of the least important; and ])erhaps it 
was this which really occasioned the difficulty of re¬ 
ceiving it This great step in the explanation of thr 
planetary motions was made by Copernicus, an ecch 
siastic of the Bomish Church, a Canon of Thom, a 
city of Prussia. The work in which he published it 
is dedicated to the Pope. At that time it would ap¬ 
pear that there was no disinclination in the Komish 
Church to receive new astronomical theories. Piut in 
no long time alter, when Galileo, a'philosopher of 
Florence, tanght the same theory, he was brought to 
trial hy the Bomish Church, then in full power, and 
ho was compelled to renounce the theory. How these 
two dilferent courses of the Bomish Church are to he 
reconciled 1 do not know, but the fact is so. 

Soon after the time of Copernicus the telescope 
lir&s invented by Galileo. One of the most impor¬ 
tant discoveries made with it was, that the planets do 
I not always appear to be round, and that they ob¬ 
viously are not folly illuminated at all times. The 
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planet Venns puts on all the phases of the moon. 
When the planet Venus is at that part of her orbit 
at which, in conformity with our theory, she is 
beyond the sun, as at V', Figure 28,we then see her- 
as round as the full moon; and when the planet . 
Venus is at tliose parts at wliich, in conformity with 
OUT theory, she is almost between us and the sun, as 
at V'', it is found, by observation with the telescope, 
that she then puts on the phases of a young moon. 
These are precisely the appeariances^that would be 
seen if the theory is true. This is a most important 
conlimiation, which was wanting in the time of Co- 
piirnicus, and wdiich with us is so convincing, that 
any one who has seen Venus will not doubt the truth 
of the theory.*,. 

The groat stop made by Copernicus was the as- 
sujuiiptif ’i that the sim is the centi-e of the motion of 
\ 'dl the planets (including the earth). But he could 
‘ not got rid of the epicycles. .As in Figure 26, where 
i^ oamod at N, at the extremity of a small arm, 
joinr.,‘d ' n to a longer arm and revolving round the 
joii i , s*. It was still necessaiy to suppose that each 
of tlio \ laiiots, as well as the earth, was carried 1^ a 
similar a})paratus; and even this did not represent 
the movements with perfect accuracy. This was re¬ 
served for Kepler to explain, who—^not so much &om 
his own ohservations os hy examining accurately the / 
observations which Tycho Brah^ h»l made of the 
planets, and especially the planet Mars, and com- 
pjiring them with his own—ascertained that the 
whole would he represented to the utmost accuracy 
by supposing that Mars moves in an elHpse^ It isf 
impossible now to explain in a few words bow Kepler 
came to that conclusion; generally speaking, it was^ 
by the method of trial and error. The number of 

H 2 
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saj^positioiis lie made to account for the motions of 
the planets is beyond belief: that the planets turned 
round centres at a little distance from the sun; tliat 
their epicycles, deferents, &c., turned on points at a 
little Stance from the ends of the bars to which 
they were jointed, &c. It is by this kind of inves- 
tiigation, by trial and error, that truth is established. 
l£e way in which he has published his adoption of 
this theory is very striking. After trying every 
device with epicycles, eccentrics, and deferents, that 
he could think of, and computing the apparent places 
of Mars frrom these dilTerent assumptions, and com¬ 
paring them witli the places really observed by lycho, 
he .found that he could not bring them nearer to 
Tycho’s observations than by eight minutes of a 
degree. He then said boldly that it was impossible 
that so good an observer as lydio could be wrong by 
eight minutes, and added, “ out of these eight minute s 
we will construct a new theory that will explain tlie 
motions of all the planets.” He then proceeded to 
explain the theory of motion in ellipses. 

I shall now speak of ellip¬ 
tic motioiL I must first state 
what an ellipse is. There are 
different ways of describing an 
ellipse. I dare say there are 
many mechanical persons near 
me who are acquainted with a 
carpenter^s traumael. An el¬ 
lipse, or an oval may be de¬ 
scribed in this way, in Figure 
29. Suppose AB, D£, to re¬ 
present the longer and shorter 
diameters of the ellipse, at right angles to each other; 
then, if we have a GFH, with two pins FG fixed 
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in it, so arranged that the pin F Shall always mowe 
along the long diameter AB, and the pin G shall 
always move sdong the short diameter DE; then any 
point H of the bar describes an accurate ellipse. This 
is the principle used in carpenters* trainmels and oved 
chucks. It describes an accurate ellipse, exactly sim¬ 
ilar to that described by another melSiod, of which I 
am going to speak, but it has no relation to the 
vm’ious parts of the ellipse upon which 1 am going 
to romjxrk. In Figure 
30, if we stick a pin in a 
board at S, and call that 
j)oint a focus; and if we 
stick aiiotlier pin in the 
board at H, and call that 
a focus; if we then fasten 
a stiin" by its two ends 
to these two pins, keep¬ 
ing it always stretched 
by the point of a pencil, 
as at P, and carry the 
pencil round, it wiU describe an ellipse. S and H 
are the two focu sses of ihe ellipse; hut in all the / 
treatment of iistronomical theory, we have only to do 
with one of them. 

. If the ellipse in Figure 30 he the orbit of a planet, 
18 will bo the place of the sun. The sun is at one } 
I focus of the ellipse described by every planet. Every ] 

\ planet describes a different ellipse. The degree of I 
I’liatness of every ellipse is different for every planet;; 
tlio direction of the long diameter of the ellipse is! 
different for every plauet; there is every possible 1 
variety among them. 

.Now, one of the important things that Kepler | 
made out was this: that the orbits of planets are; 
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lellipses. Another important thing made out waa ; 
I this: that the planets describing these ellipses move | 
I ivith veiy different velocitieB at different times. Each ^ 
I planet, when in that part of its orbit which is near- 
i est to the sun, travels quickly, and when in that part 

■ which is furthest firom the sun, travels slowly. The 
way in which ho expressed the law of motion is tliis: 
if in one part of the orbit I draw two lines SK, SL, 
from the sun, inclosing a certain space, (when I say 
“inclosing a certain space,” 1 mean inclosing a super¬ 
ficial area, containing a certain number of acres, or of 
square miles,) and if in another part of the orbit I 
draw two lines S/c, S?, and if the two lines S/tf, SZ, 
inclose the same number of acres as are inclosed by 
SK, SL, then the planet will be just as long moving 
over the long arc KL, as m moving over the short 
arc kl From that law of equal areas in equal times, 
you will see that the planet is moving much more 
rapidly between K and L, than between k and Z. 

Having spoken so much of the motion in an ellipse, 

■ I will now proceed to speak of the cause of tluit mt> 

* tion ; the force of the sun’s attraction, winch acts 

upon every planet. We are now coining to a thing 
totally different from what we have had before. We 
have spoken of the form of the orbits of planets, and 
the proportion of their speed in the different parts of 
their orbits, as determined from the obsoivation of 
the planets; and I will now proceed to the consider¬ 
ation of the causes of these motions, in reference to 
the mechanical theory, first propounded hy Sir Isaac 
Newton, and received by every person who possesses 
a competent acquaintance with the subject. The 
I theory is this : that if we suppose the planets to be 
I once set in motion, (hy some cause which vre do not | 
I pretend to know,) then the attraction of tho sun 
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( accouiits for the cnired form of their orbits, and for] 
all their motions in those orbits. iNow, in speaking 
of this, I must observe that thei'e is a tenn frequently 
used by persons not acquainted with its real meaning; 
persons speak of “projectile force” as if such a thing 
was constantly in actioiL The planets are in motion; 
they have been put in motion somehow; but there is 
no foi*ce to maintain their motion afterwards, that we 
know of, and there is no necessity for us to suppose 
the existence of a force which keeps up that motion. 
But, having been once sttutcd with a certain velocityJ 
jit is necessary to suppose that there is a force con- 
^stantly pulling them towards the sun. The planets 
■win sometimes go away from the sun, the sun will 
pull them hack, and afterwarfls they will go away 
again, and he again pulled hack, and so on. 

« In O'' ler to explain this, I must proceed with a 
/very rude experiment on what is called the second 
’ law of motion. The first law of motion is simply 
? this : if a body be once set in motion, and if it have! 
j a certain velocity given to it, it wiU continue to inove' 
f (if not acted on hy another force) in a straight line 
with unabated velocity. We cannot make experi¬ 
ments ju'oving this law in the simple form in wliioh 
I have mentioned it, hut we can make experiments 
on it in combination with other laws; and w^e are 
compelled to believe that the law is true, that if a 
lK)dy were starttid in motion, and if nothing were 
acting upon it, it would continue in the some motion. 


? The second law of motion is that which may he illus- 
(trated hy a very rough experiment Suppose a body 
• to be projected horizontally, like a cannon ball, or 
ilike a stone thrown horizontally, you will observe 
; that it begins to curv^e in its path, under the attrac¬ 
tion of gravity, and it falls to the ground. The 
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second law of moMon is, that the foice of grarity 
draws it just as fhr &om the place which it would 
liaye reached if no gravity were acting, as the force 
of gravity would draw it in the same time fi'om the 
i position of rest. Suppose, for instance, that a body 
is thrown in the diction of AB, (Figure 31,) 



with a speed which would have carried it from A ^ > 
B in one second of time ; and suppose I know £x)m 
e3q>eiiment that it could have dropped h*om A to C 
in one second of time ; then the second law of motion 
is this: that at the end of one second of timo the 
body will really be found at D, having, by the action 
of gravity, been puUod away from the place B, which 
it would have reached with the original direction and 
the original velocity, just as much as if pulled away 
from the state of rest 

The law may be illustrated by experiments in this 
Bvanner: AB, Figure 32, is a boa^; CD an arm 
moving upon it, turning on a hinge at C, and driven 
by a spring £; at the end D of the arm is a hollow, 
with its opening in the side of the arm large enough 
to contain a small hall» bo that when the. arm is 
driven by the spring E, the ball will be thrown 



LMCTUBB ni. 


105 


horizontally from the hollow at D j at F is another 
chamher opening downwards, its lower opening being 



Fig. 82, 

stopped by a board G, which will be knocked away 
by a blow of tho arm CD; then it is plain that if 
03ie ball be put in D and another in E, the very same 
movcTnent which throws one ball forward causes the 
other ball to drop at the same instant; if the 
second law of mritioii he true, one of them will fall 
domi vertically to the floor at H at the Siuiie instant 
at which tho other, which is projected forwanl, reaches 
the floor at K. And this does really liappen so; the 
two balls do roach tho floor at tho same instant. 
Wliat it proves is this ; that if a hall is thrown hori- 
zoutaUy, it falls from that horizontal line down to 
the ground just in tho same period of time as a hall 
winch dropped from a state of rest. 

I have doscrihed this experiment as applicable 
only to a horizontal throw; but it is equally ap¬ 
plicable to an inclined throw, if tho floor upon which 
the balls Adi he inclined exactly in the same degree, 
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as is shown in Figuie 33, the hall which drops down 
to H, and the hall which is thrown in the inclined 



direction and reaches the floor at X, will arrive at 
the floor at the same time. 

Xow, it is important to observe what are the cir¬ 
cumstances on which the curvature of the path of a 
projected hall depends. In the first place, if any¬ 
thing were to increase the force of gravity, the track 
of the hall would he more curved. Thus, in Figure 



34, if the velocity with which the hall is projected 
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would cany it in a second of time to B, and if grayity 
were so strong that in one second the body would 
fall from rest to C, then the ball would describe 
the curve AD; but if gravity were so much increased 
that a ball would fall fern rest to C' in one 
second of time, then the baU would describe the 
curve AD', which is more curved than AD. In the 
next place, if two balls are projected with different 
velocities, without any alteration in the force of 
gravity, the path of that ball which is projected 
with the smaller velocity will be more curved. Thus, 
in Figunj 35, if the force of gravity were such as 
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would malie a ball fall from rest to C in one second, 
and if two balls are projected, one with a smaller 
velocity which would carry it to B in one second, 
and the other with a greater velocity which would 
carry it to B' in one second, then the former ball (or 
that projected with the smaller velocity) will reach 
D in one second, describing a very curved path AD ; 
while the latter (or that projected with the greater ve- 
^ locity) will imch D', describing the path AD', which 
is much more nearly straight than AD, Everybody 
knows the motion of a stone thrown from the hand; 
its path is much curved, and it reaches the ground 
before it has gone frr. But if you watch the motion 
of a cannon baU, which you mjby do if you stand 
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behind a cannon when it is fired, as yon can then see 
the baJl from the time that it leaves the cannon’s 
month to a distance of half a mile or more, yon will 
perceive that its path is cnrved, bnt very much less 
curved than the path of a stone; in &ct it is nearly 
straight, but stUl not quite straight. The baU 
dropped downwards through the same space as the 
stone in one second of time; but the ball travelled 
:forther in the horizontal direction than a stone in a 
second of time. Now, from this consideration, we 
shall be able to explain something of the most puzz- 
liim matters in the motion of planets. 

first, however, we must proceed to another con¬ 
sideration, which is called the resolution of forces. 
This may be illustrated by a model, represented in 
Figure 36. Suppose A and B to be Wo puUies fixed 



upon an upright &ame, and suppose two cords to pass 
over them, carrying the two weights C and D at their 
ends; and where they meet at E let a third cord be 
attached, canying the weight F; then you will see 
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that the tension or pull produced hy this one weight 
F, acting at the place E, does really siipport two 
tensions in different directions acting at same 
point, namely, the tension produced by the weight G 
acting in the direction EA, and the tension product 
by the weight D acting in the direction EB. Thus 
we may correctly say, tliat one pull in the direction 
EF docs exert two pulls in different directions, AE 
and Blil, for it really docs keep the two cords str^ed 
to such a degree as to support the two other weights. 
We may stiy, on the other hand, that these two out¬ 
side weights C and D sux)port the middle one. The 
tliree pulls of the cords keep the point E in equilib¬ 
rium ; but they will support it oidy in one determi¬ 
nate x)osition, according to the amount of weight 
which is hung to each cord. If 1 put another weight 
upon C, the position of the point E and the direction 
of the cords will immediately change; showing that 
for one proportion of the weights or tensions there is 
only one set of angles between the different directions 
at which the tensions will keep the point E at rest; 
and, conversely, one set of angles of inclination re¬ 
quire the tensions to he in one certain proportion, in 
order that E mi^ be kept at rest. E^garding the acrion 
of the two tensions in the directions EA, EB, as sufH 
porting the one tension in the direction EF, this may 
he considered as on instance of the combination of 
forces; and regarding the one tension in the direction 
EF as supporting two in the directions AE, EB, this 
may he considered as an instance of the resolution of 
forces, the one force in the direction EF being 
resolved into two forces iu the diiectionB AE, 
and producing in all respects the same effects as two 
forces in tho directions AE, BE. It may seem 
strange that a force acting in one direction can 
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produce two forces acting in two different directions; 
Jret we liave plenty of familiar examples of the same 
thing. For instance^ in driving a wedge hy means of 
one force, we produce two forces in different direc¬ 
tions. 1 mention that as a case which must he 
notorious to eveiyhody, and one which may well 
famish food for thinking. By pushing at the back 
of the wedge with a small force you do exert two 
great forces at the sides of the wMge; and in like 
manner, by pulling at E (Figure 36) in a downward 
direction, you may exert a force even greater than 
your downward pull at the two inclined directions; 
and both these ain accurate instances of what is called 
the resolution of forces. It must be understood, 
therefore, that having got a force in any one direction, 
we may say that instead of one force we have two 
forces acting in any two directions suited to the na¬ 
ture of the case, whose magnitudes are determined hy 
certain laws depending upon the angles of inclination; 
and we may nse those two forces instead of the one 
force which we had originally. 

From riiis consideration, in combination with the 
considerations which I stat^ relative to the depend¬ 
ence of curvature of path upon velocity and deflecting 
force, I shall endeavour to give you a little idea of 
the motion of a planet in ite orbit. The tiling that 
1 wish specially to explain to yon is, how it happens 
that when a planet has once begun to approach to 
the sun, it does not go quite to the sun, hut after a 
time recedes again finm it. If you understand this, 
yon will understand the rest I will suppose, if you 
please, that in Figure 30 a planet is moving &om Z, 
through M, toward L. The attraction of the sun 
pulls it in the direction of the line MS. Upon the 
principle of the resolution of forces, of which I have 
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just spoken, we may consider the force in the direc¬ 
tion of MS to be resolved into two, one of which is 
in the direction of iSTM, perpendicular to the orbit, 
and the other is in the direction of OM, parallel to 
that part of the orbit. !Now, observe thds carefully. 
That part of the force which is in the direction NM,. 
perpendicular to the orbit, produces an effect similar 
to that which gravity produces in the motion of a 
cannon ball; it makes the orbit curved. But that 
pait which acts in the dircjction of OM, parallel to 
the orbit, produces a different effect; it accel^tes 
the planet’s motion in its orbit. Thus, in going 
fn»m I towards L, the planet is made to go quicker 
and quicker. If you suppose the diagram (Figure 
30) turned in such a manner that MS is vertic^, S 
being downwards, you will see that the planet is 
under the same circumstances as a ball rolling down 
a hiU. If a ball is going down a hill, as at M, 
Figure 37, the force of gravity, which is in the 
direction MS, may bo 
resolved into two parts, 
one of which is a force 
in the direction NM, 

]>erpentlicular to the 
hill side, and merely 
pi'osses the ball towards 
the hiU ; the other is a 
force in the direction 
OM, making it to go 37* 

the faster down the hill. In this manner, as long as 
the planet goes &)m k through M tqwaids K, it is 
going quicker and quicker. This accounts for the 
difference of speed in different x>aits of the orbit, 
which I mentioned befora Now, remember how it 
has been explained that the curvature of a planet’s 
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orbit, or the curvatuie of the path of a cannoa ball, 
depends upon two circumstances; one is the velocity 
with whi(^ it is going, and the other is the force 
which acts in such a direction as to bend its path. 
[The greater its speed, the less its path is curved; con- 
' sequently, as the planet is going so exceedingly quick 

t in the neighbourhood of K, its orbit may be very 
little curved there, even though the sun is there pull¬ 
ing it with a.veiy great force. The elTect of the 
pl^et’s path being so little curved there is, that the 
planet posses the sun and begins to recede from it. 
But it does not recede porpetujilly. Suppose, for 
instance, that it has reached the point M', and we 
examine the nature of the forces winch act on it there. 
The forqe of the sun in the direction M'S may be re¬ 
solved into two, in the directions N'M', O'M', of 
which the former only curves the orbit, while the 
^ latter retards the planet in its movement in the orbit. 
Therefore, as the planet recedes from the sun, it goes 
more and more slowly, till at last its velocity may be 
diminished so much, that the power of the sun, re¬ 
duced as it is there, is enabled to bring it back again. 
That is the way the planet goes, revolving in its orbit, 
alternately approaching to, and receding &om, the 
sun. Of course, in a series of lectures like these, I 
cannot go into every detail; but enough has been 
said to show that a planet when approaching the "un 
will not necessaxUy fall to the sun, and when recedjig 
from the sun will not recede beyond the hope of re¬ 
turn. This is a stumbling-block to many a young 
astronomer who has not considered the suhiject well, 
but the remarks I hare here made will, on considera¬ 
tion, be found to be perfectly clear, and there is no 
doubt of their applicationir 
From whflt 1 have shown, you wiU see that there 
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is a tendency in the planet to go off again when it 
has come nearest to the sun j but whether it wil]^ abso¬ 
lutely go off again depends ujmn another (uiQinnelBnoe:^^ 
it depends upon the amount of force when the planet 
is nearest to the sun; as, though the speed be grea^ 
it may luip))en that the force is very great also,' and 
it may happen that the force-is so great, that after all 
wo cannot, merely upon general considerations, answer 
for its coming back again. I wish to point out the 
gt?nenil oxplamition, hut it is quite impossible here to 
enter fully into these iDarticukr details, and to show" 
to you Avliether, Avhen the planet is coming near to 
the smi, the force will not he too great to tfiow it to 
recede again; or Avhether, when it is going away 
from the sun, the force will ho ^at enough to bridle 
it in or not, Tliat is a thing for which you must 
trust me for a moment. If, as wo assume in tli^ law 
of graAutatioji, when the disttmee of the planet iftom 
the *suii is doubled or tndded, the forcer of the sun is 
reduced to one-fourth or to one-ninth, and so on; if 
that he the hiw of force, then the velocity of the 
planet, on coming near to the sun, is so increased 
that the tendency to recede increases in a’ greater 
proportion than the force, and it is certain that the 
body Avill begin to roeinle. Hut this would not l)e 
the case with all laws of force; if we supposed that 
when tlu- distance was doubled the force was one- 
sixteenth instead of one-fourth, this law of alternate ^ 
recess and approach would not be true. Mathe¬ 
matical iiivestigations are made to ascertain whether 
cerl^ain wmditions are fulfilled. plsnot is in- 
varial)ly moAung quickest at that part iftf its orbit 
Avhoru it is nearest to the sun, and in conseqi^once of 
that ineniased velocity of motion, it* is able to over¬ 
come a degr^ of attractive force'which it'V' *• ^ *."t 
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oyexcome if its velocity were not so increased. Under 
certamciroTimstances it would go out and come back 
again, and so on; that is the case with, regard to the 
law of'gemtatlon. 

• 1 will now take a few minutes only for the next 
section. We will deport from the consideration of 
mechanical forces and consider the measure of dis¬ 
tances. The thing whidi I wish to explain to you is, 
how we can measure the distance of the moon from 
tilie earth. The distance of the moon is measured by 
the method of Parallax. This is a technical word 
of which we are obliged to make peipetual use in 
Astronomy. I will explain in as few words and in 
as familiar a manner as 1 can what parallax is. There 
is an experiment pleasing and profitable, and which 
1 ,haye made in my youth, and which 1 have no doubt 
most of you have made in your time. It is this: if 
you j^kce your head in the comer of a room, or on a 
hjgh-back^ chair, and if you dose one eye and allow 
another person to put a lighted candle upon a table, 
and if you then try to snufi your candle with one eye 
shut, you will find that you cannot do it; in all pro¬ 
bability you will, fril nine times out of ten. You 
will hold the snuffers too near or too distant; you 
cannot form any estimation of the distance. But if 
you open the o^er eye the charm is broken; or if, 
without opening your other eye, you move your head 
sensibly, you are enabled to judge of the distance. 
1 wiU not speak of the effect of motion of the head 
at present, but will call your attention to the cir¬ 
cumstance, that when your head is perfectly still you 
will be unable, with a smgle eye, to judge with 
accuracy of the distance of the candle. In Figure 
38, lot A and B be the two eyes, C an object which 
is viewed first with the ^ A only. This eye alone 
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has no means of estimating the distance of C. AH 
that it can tell is, that it is in the dixection^ the 



line AC j hut there is no phenomenon of vision by 
which it can judge accurately of its distance in that 
line AC. Suppose, now, the other eye B is turned 
to C, then tlieie is a circumstance introduced which 
is aiVected by the distance, namely, the difference of 
direction of the two eyes. While the object is at C, 
the twc» eyes are turned veiy little inwards to see it; 
but if the object is brought very close, as for instance 
to I), then the two eyes have to be turned consider¬ 
ably inwarcls to see it j and from tliat effort of turn¬ 
ing tlie eye, we acquire some notion of the distance. 
Wc cannot lay down any accurate rule for the esti¬ 
mation of the distance; but we see clearly enough in 
tills explanation, and we feel distinctly enough when 
wc make the experiment, that the estimation of dis¬ 
tance does depend upon this difference of direction 
of the eyes. When the object is brought very near, 
the feeling becomes very annoying. This is the 
principle upon which is founded this experiment of 
which I have spoken. Kow, this difference of direc¬ 
tion of the two eyes is a veritable parallax; and this 

1 2 
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ifi what we mean hjparaUaXy tliat it is tho (linbrence 
of dizectiou of an object as seen in two diiTen'iit 
placed Tlic two di&orcut places in the ex])onment 
which I have illn&trated, are the two eyes in the 
bead. This is the way in which, as will he seen, tlie 
distance of tho moon from the earth is to he found. 
The two eyes in tlie head will he two ohsei’vatories ; 
and will ho supposed to ho pLiced at a considerahle 
distance from each other on tlie eaitli. WitJiout 
any exception at all, the prineiplo is ineeiscdy the 
same. You will thus see how, hy the ohstu-vation of 
the difference of diTOctions, the distance oi the moon 
from the earth may he obtained. I shall give a 
more detailed oxphmtion ol this in the course of 
my next lecture. 
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LECTUEE IV. 

Ilecapitiilation of Lecture III.—General notions on Parallax.— 
Method of finding the Moon’s Parallax and Distance.— , 
Methods of finding the Sun’s Parallax by Transits of Venua 
across the Sun's Disc.—Causes of failure of other methods. 

I N tho course of tlio present lecture I shall depart 
(*nin])Jetely from that part of astronomical obser¬ 
vation with which we have been engaged for some 
time, relating to tlui a])parotit motion of the heavens; 
and ni l(‘aviiig this ])art of tho subject, I shall remark, 
as 1 have (h jie befon^, that there is nothing of so 
muoli importance as that yon should know the stars 
and the apparent diuriud motion of the heavenly 
hoflies yourselves; and for this purpose the thing that 
you should have is a celestial globe. Every pomon 
who wishes to know anytliing of Astronomy should 
hecoiiLo ixCMpuiinted with the princi])al constellations, 
so as to bo .able to recognize them at sight in the 
heavens; to observe tludr diunial motion, and the 
ditfenmee in the appearances of the stars at diiierent 
se,asoiis of the year. Tliis is of tho greatest impor¬ 
tance, in order to give yon an idea of the apparent 
motion of the sun and planets among the stars. 

There are two partienLor subjects which I have 
omitted to mention so fiilly as I would have wished, 
hut 1 will now allude to thorn finally. ITie first is 
this. In treating of the apparent motion of the sun 
among the stars, I pointed out to you that it appears 
to describe a path through the stars which is inclined 
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to the axis lound which the heavens appear to turn; 
but 1 said that it is a great circle; which amounts to 
the same as saying that the path is in a plane which 
passes through the centre of the globe; or, to express 
it otherwise, the path is in a plane which passes 
through the eye of the spectator. If we take a pair 
of compasses, and open them so that one leg is square 
to the other, or (as we usually express it) that their 
angle of inclination is 90 degrees, and if wo hold one 
leg fixed in position, and make it serve as a spindle 
ronnd which the compasses are to be turned; then 
the other log will move in a plane : and if the eye of 
an observer be placed at the angle of the compasses, 
the plane which is described by tbat moving leg will 
be seen by Inm as a great circle of the celosti^ sphere; 
while by looking along the fixed leg he will see a 
Joint in the sphere which is the Pole of tliat gi*eat 
. circle: (the word “Pole” being bore used in a general 
sense, os related to any great circle). From this it 
appears tbat the angular distance of the Pole of a 
great cirdo, from any point of the great circle, is 90 
degrees. If then we suppose a circle to be traced 
through the heavens, of which every point is 90 de¬ 
grees frrom the North Pole, that circle will he a great 
circle, or will be in a plane passing through the eye 
of the spectator. That great circle is the equator. 
Now, as I mentioned in the second lecture, if we 
trace (hy the use of the transit instrument and mural 
cirdo) the annual path of the sun through the stars, 
(which is called the ecliptic), we find that the ecliptic 
is also a great circle; hut it is not the same great 
cixde as the equator. It is inclined to the equator, 
'imd crosses it at two points, which are called the first 
: P^t of Aries and the first point of libra. The first 
„poi|it of Anes is that crossing of the equator at which 
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tlie sun lb seen at tlie Spring Equmox The first 
point of Lilira is th it point at wliK h the Bun is seen 
at th( Autumn il Ltj[Uinox Neither ol these points 
IS (Mftly jniikul 1)> any btii or othei mark in the 
h( xv( ns tlu fii'^t point of Anob ib not voiy fir fiom 
the tlui 1 stii if Pif,isus, (Algouih) md the hist 
point of 1 j1)i l is not In fioiii the l)iJt»h.t star in the 
tuJ it 1 < o, timaiils the hrif^ht stir of Virgo 

I In Jill] uliiui of iccjuiiiug i knowledge of these 
}Kniits IS tins I luve spoken oi tht method ol using 
till tiinsitin tiimiiut ill comlunatiou with the use of 
tin <li(k, ulmh T siiduas to dctiTimnc tlu rnttnal 
i f turn 1 1 hii 111 the mciidnn ])iss igc of soini kno i n 
1)1 Jit stn, lud tlu inuidim pissigo of iny otlitr 
oh) 1 1 uhich 'uc siL 111 the lu. ivuis It i-* ])liin, 
tlu ufoic, tint hy using it in this u ly can ditcr 
imiK tlu n ucrvd lictuiin the pobs^t of the ohjict 
ind th it < 1 my st u oi ei t ly si xr, and xko th it n e 
c in diti inline, n ith the s uiu ]irt( ision, the mteii ilb 
of lh( ]) issigLS ol ill the hii^ht bt us, and we must 
do tins, if xvc nisli to iniki oui icpicsontition of the 
hf iMiis md of tin ])ositioii of in ohjtot m the 
h< ni ns it ill toinpli It Ihib, lioni ver, would ho a 
ino t ti liens w ly f doing it Q’ irt is no p,ood wiy 
ul doing wh it IS cqiux il< nt to this, (xrept hy ji fur¬ 
ring iiti) mten il of i)xssip,t lo somt one nnigmaryj 
lioint Ol Zcio and the un binary point or Zuro 
which ill Astiononuis hive touiid it convenient to 
adopt, IS thi first point of Aiics It is a pomt, as I 
ha^c s id, which wi cinnot btc in the hcaaens, hut 
wliK h w t cm determmo hy ti icing the motion of the, 
sun unong the stus We must ohbcrve, hy means 
ol tlu muTil c^h what diy or be^gen wha ^ 
diys the sun is 90 degrees from the Pole, l;htt5r0iJ 
sun IS noces&aiily at the place wheie his path CEOSseff 



120 . rOPXriAIt ABTROim^,\. 

ji 

the equator, (wMch, as I have said, is 00 deuces 
ftom the Pole,) aud therefoKJ is norcjssaiily either at 
the first point of Aries op the first point of lihra* 
We must, at tlie same time, hy mt'ans of the transit 
instrument, determine the iiitiTvals between the ])a8- 
sagos of the sun, and seveial fixed stars on thow* days; 
and then wo shall have the interval between the ])as- 
sagcs of the first point of Aries and those stars. We 
can then use tlio first point of Aries, so detennimsl, 
as a starting point for siderc'al thm*; aii<l then instead 
of measuring our sidei’c^al time from the passage of 
any star, we shall measure it from the jiiissage of that 
Imuginaiy point. Kow, suppose that our oh‘«ervatir)ns 
of transits on any evening aiv to he (*omi)nri‘(l with 
the ohscTvation of the transit of the bright star of 
Aqnila; even though we do tah(* that hiiglit star of 
Aquila iis the practical starting point of our ohs(‘rv5i- 
tion, yet we do not make our clock to point 0 houi-s, 
0 minutes, and 0 seconds, wlnui the star comes to the 
meridian, hut wo put our clock to luiiiit 19 houm, 13 
minutes, and souk* seconds; because if we juit our 
clock to point 0 hours, 0 minutes, and 0 si'coiids, 
when the first point of Aries is jiassing the ineridi in, 
it shows 19 hours, 43 minutes, aud some seconds, 
when the bright star of A<iuiL'i passes the meridian. 
And tliat is the use of the first point of Aries, wliich 
cannot he soon in the heavens. It is better that an 
imaginary Zero he chosen for the staiting jicdiit than 
any one star; and the first point of Aries is jieculiarly 
convenient, on account of its relation to the sun’s 
jiuth. 

The next point of which I omitted to speak is, the 
differonco between a sidereal day and a solar day. I 
pointed out to you how, hy veiy rough means, the 
passage of tho sun through the stars might ho 
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observed, I said tliat it might be observed by any 
pei'son, if he watched, at a given hour of the night, 
the appearance of the stars on successive days and 
months; when he would find, on going from one 
month to tlio mjxt in the order of siuiceasion, taking 
ah\'ayf5111(3 hour of the night, that the stars ap¬ 
pear to go round towards the right, or towards the 
west, (our faces being tumevd towards the south); 
which, as I explained, jiroves that the sun appears to 
g<3 through tlie stars tow'ards the left or the east. 
Prom_thLs it is plain that the stars set a.little earlier 
evtiiy day, in i-eforencc^ to sun-time; or, that they 
pahS. Ihe incridian a little earlier every day in refer-. 

to sun-time; and theiofore, if we define the/ 
sid('r(‘al day to he the time that elapses from the 
age of a star over the meridian one day to the 
passage of 11 e same star another day, that interval or 
the sidereal day will he less than a solar tlay. It is,l 
in fact, about 23 hours, 5G minutes, and 4 seconds of 
<>rdiiiary clock time: the mean solar day being 24 
hoiiis. To Slim it up in a few wonls, the stai*s appear 
to lie going every day in their diurnal motion from 
e.ast to west, aiul they appear to bo passing the 
mei-idian (juicker than the sun does. ITie sun'' 
aTipears to he travelling from w'l^st to east among the"’ 
stars ; and tliorefbre, though the apparent diurnal 
motion of the sun tlmnigh the heavens from east to 
west is (piick, yist, in conseipionce of this apparent 
motion through the stai*s in the oi)posite direction, it 
passes the meridian slower tlian the stars do. 

In speaking of surveys, I explained that by the 
use (d* the transit instrument and the theodolite, we 
might ascertain the angle made by any one side of a 
triangle with the meridian. This can of course be 
done at as many stations as we please; it is commonly 
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done at two or three. In the English language we 
have no tenn for expressing that peculiar act of de- 
tennining the direction of a side of a triangle, or the 
direction of a chain of triangles, and therefore we 
have adopted a word &om the French, ‘‘orientation”; 
it is, howeyer, a bad word, used only for the want of 
a better word in the EngHsh language. Where the 
word “orientation” is used, it is understood to metin 
the ascertaining the general direction of a chain of 
triangles. 

In regard to the use of the Zenith Sector, of which 
I have spoken so j&equently, 1 should wish you to 
charge your memory with this one notion: wlien 
that instrument is used for determining the measure 
of a degree of the earth, hy being transported to two 
different stations, as A and 1>, Eiguro 18, and by 
beting employed for observing the same chosen star 
jft^both places, the direction of the telescope is really 
tire same at the two places, but the direction of the 
plumb-hno is different at the two places. But, if we 
conj^der it only as a matter of observation at each of 
places, then we fancy that the direction of the 
plumh-line is apparently the same in the two places, 
and that the dicoction of the telescope is apparently 
diffeienk Thus the direction of the telescope, when 
pointed to the same star, is apparently diffsrent at 
iShffnkliu fix)m what it is at Bdta; but, in point of 
&ct, the direction of the telescope is the same at both, 
and the direction of the plumMine, or the direction 
in which a stone would ML, is different at the two 
plaoea 

In yesterday’s lecture 1 entered upon the subject 
of the motion of the planets; and 1 endeavoured to 
give ydu a notion of the complexity of the phenomena 

the planets, and of the system &st used to explain 
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them. I icmarked that for the iiiferic»r planets, this 
liras made easier by referring thdr apparent motion 
to the siin. 1 pointed out that Yenns moved 
(apparently) sometimes to the left of the sun, and 
sometimes to tlie right of the sun; never exceeding 
a certain angular lumt to the left or right of the sun. 
I told you that her motion was sometimes backward 
and sometimes forward; and wbcn referred to the 
sun, was pretty nearly similar, first on one side of 
the sun and then on the other side of the sun. All 
these conclusions are obtained by detenoining .the 
places of Venus and the sun, with respect to thn 
starsj by moans of the transit instrument and mural 
ci^^ in the way described in my first lecture, and 
th'lm laying them down on a globe, or treating them 
by otiicr methods of calculation. There is no 
difficulty at all in figuring to oursdves, as the 
ancients supposed, that this apparent motion of 
Venus may be generally represented by supposing 
that she describes a circle round some imaginary 
centre, which centre is always in the line joining the 
earth and sun; and that the earth is at no very 
great distance outside that circle : as, for instance, in 
ilguro 26, if we suppose Venus to revolve in the 
circle V, whoso centre u is in the line ES. They had 
similar notions in regard to Meicuiy, the centre of 
whose orbit might bo supposed to he in some other 
place, as 7n. 

With regard to Mars, Jupiter, and Saturn, it was 
supposed by the ancients that they also moved in 
circles, and that the centres were somewhere in "the 
some line ESmro, hut that the circles were so large 
that they completely surrounded the earth. If we 
consider the apparent motion of Jupiter at the present 
time, when he is seen nearly opposite to the sun, 
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lifiing nearly at eiiTiRot, and sotting nearly at sunrise, 
and if we watcdi Lis (^ourso among tlie stiirs from day 
to day, or if we determine Lis ])lare on different days 
oLsorvationa witk tlie trtinsit iustninient an* 
mural circle, we iind that at tliis time JnpiU’r is 
j^oving among the stars towanls the right hand. 

is convenient to have ostronoTuical t(*rms to 
acscriho this direetion, without speiilving of the nght 
hand or l(*ft haiuL Now, I have (‘xplaiiied to you 
tliat the a]>pe{ij*ance of the stai's, at different inontlis 
of the yefcr, shows that the sun must be sujijiosed to 
move through the stars towards the left; ami tho 
moon moves visibly towards the h*l‘t. Astronomers 
thenffore have agnusl to describe this kind of motion 
by tho temi “ direct,” and the o])])OHit(* motion by 
the teiTO “retrograde.” Now the ])lan(*ts somt*1im(»s 
{move in a reirngnulo direction : thus, wlani J\h‘rcnry 
?/ot Venus is in that jMirt of its orbit wdiieli is iieaivst 
f\p tho earth, its motion, iis Tof(*rrefl to the stars, is re- 
^ ,frograde. And tho apparent motion of fJ ii])iter at the 
Ipresont time, from the descrijitioii of it which I have 
/just given, is I’etrogr.ide ; and so in all cases is tlait 
I of ^^fars, Jnjnter, Satuni, Ibnnns, Nejdnnc, ami the ' 
I smaller planets, when they are seen on the sid(» op- 
' posite to the sun. At other times their api)ar(*nt 
* motions are ilirt'cl with respect to the stars. 

All these motions are tolerably explained by the 
construction adopted by Ptolemy and the .Ureek 
astronomers: taking the assumption that tho earth 
was fixed; that there was sonn*thing like a bar, 
(Pigur(5 ^0,) of which one end was fixed in tho earth, 
and which turned round in a year; that that bar 
carried tbo sun, and carried also the centres of the 
orbits of Mercury, Venus, Mars, flupitt'r, and all the 
planets; and that all the planets revolved in their 
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own orbits round their respective centres; the planets 
Mars, Jupiter, and Saturn, being supposed to have 
a retrograde motion with respect to the bar. I also 
«id tliat it was found necessary, in order to account 
for the motion a little more accurately, to suppose 
that the pliuiets did not revolve strictly in elites, 
but that the radial bar as nMa, Figiu'e 26, carried 
another bar as Ma^N", jointed on it, and moving on 
the joint, and tliat this second bar carried the pl^et 
Supposing a similar construction of ofich of the 
planets, 'we get a terrible complexity of mq^lons, and 
aU indc])en(lent of the sun. 

I then remarked, it was a strange thing that persons 
did not think of connecting these motions more 
closely with the sun. It woidd liave answered thdr 
purpose (][uite as well to take one centre as another 
centre for the orbits of the phmets, provided it were 
in the same directicai, and provided the proper di¬ 
mension were given to the orbit: that, for instance, 
in Figure 27, the ai)parent motion of Venus, as seen 
from the earth E, would he the same, whether it 
moved in the small orbit V, whose centre is «?, or in 
the largo orbit V', whose centre is S. Having, then, 
the power of choosing the centre of the orbit as we 
please, we might as well take the sun for the place 
of the centi*o; and it is wonderful to me that such a 
simplilication was not sooner adopted by the ancient 
astronomers. 

The system Copernicus fixed upon in his successive 
steps was, first to bring all the centres of the orbits 
to the sun—stiU retaining the notion that this sun, 
together with the vaaious orbits connected with it, 
were carried round the fixed earth—and then to sup¬ 
pose that the earth was in motion round the sun, 
(which would explain the appearances just as well,) 



126 


JPOJ^XnJUt A8TB0N0MT. 


or that the oaxth, as 'well as the other planets, moved 
round the sun. With this supposition, the motions 
of Hars, Jupiter, and Saturn are direct, but slower 
than that of the earth. And that was the state 40 
which Copernicus reduced it; but still Copernicus 
was not freed from the notion that the small bars 
attached to the large ones carried the planets, as I 
have descrihed. Kepler, a man who never spared 
his labour in working out any theory, after an infinity 
of trials, at last found out that he could represent 
everything perfectly well, by supposing that everyone 
of the pmnets moves in an ellipsc^f which the sun 
is the focus; that the orbits of the diirercnt j)lanot8 
have different degrees of ellipticity; that the long 
ajds of the ellipse is in diflerent positions for cadh 
different orbit: of course it required an infinity of 
trouble to work that out. He estahHslied what is 
called Keplei^s first law—that each of the planets 
revolves in an ellipse, of which the sun is one focus. 

I win mention at once the third law which Kepler 
established, and which relates to the proportion of 
the periodic times of the different planets, and the 
proportion of their distances fixim the sun. Know* 
ing the proportion of the distances of the planets fiom 
the sun, and knowing the periodic times of the 
planets round the sun, he was able to work out tliis 
TOle. If we square the number of the days in tlie 
pme of each of the planets going round the sun, we 
shall find that the squares of the timos of revolution 
of the different planets are in the same i>ropoTtion as 
the cubes of their mean distances from the sun. 
That was a most important thing to establish, 
b The second of KepWs laws was this. In Figure 
|B0, let S he the plaice of the sun in the focus of a 
jplouet's orbit; suppose that in one day the planet 
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goes -firom K to L, and that in another part of the 
orbit it goes in one day from ktol; the law which 
Kepler made out was this: taking the areas which 
axe included by the lines drawn from the extremities 
of these arcs sWght to the sun; then the area 
is^ equal to the area 7t S L You wiU observe from this 
law, that it is quite evident that each planet moves 
quicker in that part of its orbit which is nearest to 
sun than in that part of the orbit which is more 
‘distant from the simj because the whole area de¬ 
scribed in one day or in a certain number of days is 
the same in the tw cases. This was ascertained irom 
y)bservations, and without any notion of mechanical 
theory ; Kepler did not possess any notion of that 
kind. 

There is only one more matter which I will men¬ 
tion before I proceed to the mechanical consideration 
of the subject. Without knowing the distiince of the 
oaxtli from tho sun, and without knowing the dis¬ 
tances of the jdanots from tho sun, we do know the 
proportion of their distances. This is because, us a 
matter of observation, wo know how much tho planet 
(Mercury or Venus, suppose) appe^ to go to the 
right or to the left of the sun. In Figure 27, it will 
do just as well to explain the phenomena of tho 
planet Venus, whether we suppose that tho sun is at 
S, or whether we suppose tliat the sun is at pro¬ 
vided wo suppose that tho dimensions of the orbit V' 
ore large, and those at tho orbit V are small, in the 
same proportion as the proportion of tho distances of 
S and V from £. For instance, we may moke oi^e 
supposition that the earth is a hundred millions of 
miles from the sun; and that Venus is seventy-two 
millions of miles from the sun. Or we may make 
another supposition—^that the earth is only fifty 
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milliohs of miles the sun, and that Yenus is 
only thirty-six millions of miles from the sun. With 
the latter supposition (in which the distances are in 
the same proportion as in the former) we should find 
that Yenus will appear to go just as much to the 
right or to the lefr of the sun as with the former, 
i^d, thes|fore, when we find that the apparent 
motions, computed on the supposition that the dis¬ 
tances of the earth and Yenus from the sun are 
respectively one hundred and seventy-two millions of 
izdles, do agree with those which are really observed, 
we cannot teU whether the real distanciis are one 
hundred and seventy-two millions of miles, or fifty 
and thirty-six millions, or any otlior number; aU that 
we know is that they must he in tliat i^roportion. 
It is important to observe that this was the founda¬ 
tion of the third of XexjWs laws, and that he knew, 
as well as wo do at the present time, what is the 
proportion of tlio distance of Yenus from the sun to 
the distance of the earth from the sun, although he 
had not the slightest knowledge of the absolute dis¬ 
tance of the earth from the sun. 

1 shall now proceed with the mention of the me¬ 
chanical laws of orbital motion. In the first pkicc, 
I shall tahe into consideration the general effects of 
attraction, or force; in which expression by the word 
force 1 mean pressure producing an effect on the 
motion of bo^es that ore free. Suppose we drop a 
stone from our liand, or from a high building, every¬ 
body knows that it begins to fall with a very small 
Telocity, and that it gains velocity as it falls. If 1 
were to drop a stone from my hand at the height of a 
foot from the floor, it would ML lightly; hut if I were 
to dio);) it from the height of a hundred feet, it would 
whUi a great shock It is therefore evident that 
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any falling body is accelerated in its motion. This 
allows tlmt the effect of gravitation is not to create 
a sudden velocity, but to add velocity to velocity, 
and continually to increase velocity. ISTow, that is a 
tiling which you must consider in regard to the mo¬ 
tion both of bodies falling in a straight line a^d of 
.bodies projected and allowed to fall in a ourve. 

It will be remembered that 1 exhibited an experi¬ 
ment to this effect—^that if any body wero projected 
horizontally at the same time that another body was 
allowed to fall fieely, they would both reach the 
; gi’ouiid at the same time. The apparatus. Figure 32, 
by wliich the exp^nimeut was made, is so constructed 
that, of necessity, Avheii one body is projected forward 
the other is allowed to drop at the same time. Kow, 
let us consider what sort of a curve the projected 
body would desciibe. Suppose a shot is projected 
from a cannon, as A in Figure 35 ; as I said before, 
if a hiill wouhl fall from the cannon’s mouth to the 
})oiiit C in a second of time, then Uie shot which was 
lire<l out of the cannon would have dropped to D in 
one second of time. Wliat sort of course would it 
liave described 1 It would have fallen ftom its original 
direction in exactly the sanie iiroportion, so far as 
regards the divisions of the time, as the ball which 
droj»j)ed from the cannon’s mouth. The ball drop- 
I)ing fi-oni the cannon’s mouth docs not acquire all its 
velocity dowuAvards at once, but by degrees. In like 
manner, if this other ball is supposed to be thrown 
out horizontally towards B, it does not begin to drop 
suddenly, but drops more and more rapidly; it 
IblloAvs, therefore, tliat the path of the cannon-shot 
b^ins to turn more and more downwards, and 
assumes the form of the curve which is shown in the 
hguxe. You see that the form differs very little from, 

K 
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litlie circio, and it is wlmt mathematicians coll a 
I poiaholo. 

L The same consideration is applied to the motion of 
Ja planet, in this manner. We must supjiose that the 
' planet has heen put in motion; wo caimot t(*ll how 
, the ]j||anets have heen put in motion, hut they aio in 

) ’ motion; that is sufficient for our purposek The 
planets, if there were notliing to imll them aside, 
woilld go on in a straight course, without alieving 
their velocity. Tlie supposition wliich !Newton made, 

( i and on which is founded the theory of graviltition, 
and which is perfectly confonnahle with e\eiy I’esult 
• of ohsorvation, is, that all the phuiots are attracted 
}towards the sun; that the force is diflerciit in dif- 
'forent ports, hut still always drrecte<l towanls the 
'sun; that tiie force is of such a chiiiacter that it is 
greater the nearer they go to the sun. Thu^, if a 
)lanet started from P, P^gure 30, in the dher tioii PQ, 
it would go on in a straight line if it was not ])ii11ud 
)y the attraction of the sun ; hut, hy the attiaetioii of 
bhe sun, the orbit becomes bent, and the ]»laiiet de- 
Iscribes the curved orbit PAVMKL. Now, tliougli this 
’reasoning shows most clearly that the iiLinet 'will 
>movo in a curved orbit of some kind, it is (“iitiiely 
.impossible for me in this oral lecture to tell you how 
!tho precise nature of this cuirv^ed orbit is found out; 
|it is, however, found out completely; and I must 
bog of non-mathematicians to take my word for 
the result. When the investigation is conducted 
lOTOUghly we obtain these results. First, taking for 
granted Keplor^s second law “that each jtlanet, con* 
aidered 'without reference to other planets, docs in 
equal times desciibo equal areas by the line coiinect- 
fAg it Tirith the son,*' 'which law was ascertained 
pir^y from observation: it is found that this is 
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\explamcd liy supposing that the planet is at all times 
jilrawn by some force toward the sun. Secondly, 
{supposing a planet put in motion, and then continu- 
JaUy acted upon by any force whatever, directed 
felways to the sun, it is found that it will describe 
;«qual areas in equal times by the line connecting it 
•with the sun. Thinlly, taking for gniuted iCepler^s 
-‘first law, which wtis ascertained observations 

’.only, “tliat the planets in their revolutions describe 
/ellipses,” wo can ascei’tain what is the force with 
which they are drawn towards the sun, and which 
causes them to describe ellipses; it is found to be an 
attra ction towards.the sunfbllowmg the lajg.jcif -the 
inverse square of the distiiijcej that is to say, when 
^ tlie planet is hall-way distant from the sun, it will he 
drawn with four times the strength, or, when the 
{planet is one third distant from the sun, it will he 
I drawn with nine times the strength. Fourthly, we 
«nuiy proi)ose to ourselves this problem; suppose the 
jpLinct tt> he oikjo put in motion, and then continually 
iattrac^ted hy the sun with a force inversely as the 
™»iuare of the distance fiom the sun, what curve will 
/lit describe 1 It is found, hy the investigation which 
\ have spoken of, that the curve which it will des- 
jbrihe will be one or other of the follo^ring—a circle, 
/an ellipse, a pambola, or a hyperbola; and that th^. 
Isun will be in the centre of the circle, or in the focus 
of the ellipse, parabola, or hyperbola. In nature we 
do not know any instance of the hyperbola; comets, 
as we shall see hereafter, for the most port move in 
parabolas; some comets and aU th^e phmets move in 
eUipscB; and some of these ellipses approach very 
nearly to circles. I am exceedingly sorry that it is 
impossible for me to gito you an idea of the steps a£ 

' these investigations ; but I say, and 1 am sure you,, 

K 2 
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will ngrc ‘0 witli iiip, tliat half a man’s life would 1)g 
well fc-pent in mastering tliem. 

Kejdcr’s tLinl Liw is tliis ; that if wc comiMire the 
>rhittt of the (lillei*ciil planets, the s(j,iiares of the peii- 
dic times are in tlie same propoillon os the cubes of 
he ineun distaiu'es from tljo sun. This also, in eon- 
onuity with the I'csult of the theory of attraction 
following tlio law of the inverse square of tin* distance. 
I suppOftO there is no scieiiee in the world in which 
such imjioj’tajit laws have heen first dlscovereil inde¬ 
pendently fiom ohservation only, and wliith have 
afterwanls been shown to he the ivbult of one grand 
principle of theory. 

I next endeavoured to point out to you how it is 
that planets do not entiiely depait from tlu* sun. It 
has heeii wondered hy some persona that, when the 
planets appmach to the suu, they jux* not c()iui>elled 
ihy its attractive foife to fall into the siin; and w hen 
they go away li*om the sun, it lais htn'ii -wondered 
tliat they do not go quite away fi*om the sun’s in- 
iluonce. I endeavoiiivd to give you a ucition of the 
mecliaiiical causes which produced tluit alteration in 
the velocity of the pLiuets, which is in fact enihodied 
in that law of Keidor’s, which stales that a ijhmet 
descrihes, by the lines connecting it with the sun, 
equal muas in e(|ual times. In introducing that mat¬ 
ter, 1 said, that the curvutuiu of the orhit of a ]»lanet, 
in the aani(‘ nionner as a cui'vatim^ of the ]iath of a 
cannon hall, depends not only uiwii the force wliich 
pulls tlie planet or the hall so as t(» curve its orhit, 
hut also upon the amount of velocity with which it is 

I mo-ving. Tlierefore, in order to ascertain what is the 
curvature of an orhit, we must consider not only the 
amount of the sun’s attraction at any ])art of it, hut 
also what is the amount of velocity with which the 
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I planet is moving at that point. If, then, it can "be 
*slio^vn that wlieu the planet is nearest to the sun it 
im oves \git k-a. gmater v elocii^ it will follow tliat, 

i ^though the attractive force is greater than when faiv 
'thest from the sun, its orbit may not be more curved 
than wlicn it is farthest from the sun. 

For this pnrjjose, I introduced to you the model, 
roprcstjntod in figure 36. I pointe<l out to you that 
the t(‘usion of the cord EF, acting in the direction EF, 
does produce the effect of keeping in equilibrium the 
tension of the two other cords, one atiting in the direc¬ 
tion of EA, and the other in the direction EB; and 
tliorefore, force acting in the direction EF does pro¬ 
duce two forces acting in the directions AE, BE. 
Tin's is Avhfit we mean hy the resolution of forces. 
The way in which I desire to apply this consideration 
to tluj motion of the phmets is this. The sun’s 
ttraetion acting in the direction MS, Figure 30, can 
iherc ho resolved into two forces, in coiifonnity with 
he law just mentioned ; one in tlie dij*ection of the- 
ino OM, touching the orbit, or in the same direction 
the nifjtion of the planet, and the other force in 
he direction EM, ])erpeniliciikr tq^tlie orbit.. As 
Ircgnrds this part of the force which is pcTpendicular 
jto tlie orbit, its effect may be considered as similar to 
jthat of the force of gravity on the cannon hall; its 
Action is S(jnai*e to,the plan()t!ad)alh- at that time, and 
^ts tendency is to curve the planet’s path. But the 
ther resolved part pushes the body along in its orbit, 
o that the planet, instead of being allowed to go on 
lin one uniform sj>eed, is by the sun’s attraction accel- 

( erated in its course. This amounts to so great a 
quantity tlait, at the time the planet has arrived at 
the part L of its orbit, it is going at a very great speed. 
When the planet has arrived at the part of the orbit 
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iwliere force is so great, it li&S boda accelerated so 
^mncli that its velojoity^also is very gre^t. If the hody 
"Aiad not heeh moving quicker, its'path would have 
Ibecn much curved; hut in consequence of its grout 
kWelocity, its path may be very little curved; the 
TOOwer of the sun may be unable to bridle it any 
'l(longer, and it may go on from that point increasing 
hts distance from the sun. When it has thus reached 
k point as M', if wo resolve the sun’s force into two 
forces, one pcriiendicular to the orbit, and one in the 
hirectiou of the orbit, then that which is peri)en- 
fiicular to the orhit bends it, but tlifit which is iu the 
direction of the orbit retards it; and when it has got 
CO a certain distance, its velocity is small indeed; and 
' hough it is so far off that the sun’s force is very 
imall, nevertheless, in consequence of the planet’s 
liminished speed, the attractive power of the sun 
may he able to pull it in and make it describe the 
same orbit again; and thus the jdanet need not either 
fall into the sun when nearest, or go quite away 
svhen farthest. 

Tliere is another thing which I think it very proper 
to mention, because many persons Lave a very erro¬ 
neous notion upon it. Some persons have a notion 
that there is some remarkable adjustment, so that if 
anything however small was to disturb tins motion of 
a planet, it would cither fall to the sun or go quite 
away from the sun. That is not the case; the effect 
of the distiu'hance of a planet would be to change its 
orbit, but notlung else. 1 will endeavour to point 
out to yon what I moan. Suppose that a planet has 
been going on describing the orbit LPKM, Figure ■!39, 
fen; ages, contiimally doscaihing the^ same curve in an 
ellipse round the sun. Now, I will suppose that, 
;%|l|^n it is nearest to the sun at L, fiomotldng comes 
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in th(* way nud rotarda its motion. Many persons 
snjiposi* tliiit, in con‘Sequence, tlio i)lanet would fall 
into tiu* sun. No such 
tliiTi” will li.ii)i)on; tlio only 
etri'ci it would li.ive ia tins ; 
it would cjiust* the planet to 
d(*sfT‘ilM* a diilercnt orl)it, 
s\u‘li is sliowu l)y tho 
dolled line l^jn’nt. Its ve- 
l(K'ily woubl 1 h‘ diminished 
by the iiiterni])tion at L, ami 
il would eon‘se<iuen11y be 
iiioiv bridled in b,> the at- 
ti\u tioii ol* the sun there, 
and the pLiuet woidd then 
deset 1 be a new orbit of sueb 
a n.ituio as to li«ive a gj'eater eunmlnre at L; but if 
notldnj; distuibed it af^iiin, it would then jjo on con- 
timi.illy deseribin^ that new orbit over and over again. 
Whenever the series of distiirhaiiees eeases, wlialever 
orhit the planet is moving in, it will continue to go 
on mo\ iiig in that orbit. The jdanet’s rtrhit is changed 
b^ any sndtlen disturbanc*, but the orbit so changed 
will conliime, and the plam*t will be no neai'er de- 
stim tion Ilian if il luid n<»t been disturbed at all. 

There is only one imm* jioint i*egardiug the hiw of 
gnivitatioji, on which 1 shall heiv sjieakj it is tho 
veloiitj, or the change of motion, which an attract¬ 
ing body produces on another body. I have sxioken 
of attiMctioji as if it was directed towards tho sun; 
but we shall find that exj)orinientH of various kinds 
lead us to this eonelusion: that every particle of 
matter Jittruels every other particle of matter; and 
that eveiy jilanet attnwts every oilier j)lanet, that 
every xilunet attracts the sun, that tho sun attracts 
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the planets, tliat the sun attracts'the moon, and the 
moon attracts the sun, and that eVeiy body attracts 
every other body. Now, the thing T wish you to 
understand is th^ : su])j)oso Venus and the sun nre 
at equal distances from the earth, then the earth pulls 
the sun out of its way just as much as it pulls Venus 
out of the way. The enormous difEei’ence of magni¬ 
tude of the fittracted bodies makes no diifereiKMi in 
the movement which the action of the attracting body 
produces on them. If there are two bodies, a gicat 
one and a little one, and if something else attracts 
them, the great body is pulled through as many feet 
or miles in an hour as the httlo one. 

I shall say nothing more about this subject at 
present, but proceed at once with the measure of the 
distance of the various heavenly bodices. I en¬ 
deavoured to give you a notion of what wo call 
parallax; I endeavoured to iUustrate it by showing 
the combined effect of the two (jyes in our head. I 
pointed out to you, by a familiar exiieiTiiient, that it 
is not easy to obtain, with a single eye and when the 
head is held umnoved, a correct notion of the distance, 
but that if we open both eyes, we then get an accurate 
knowledge of the distance. This I remarked is ex¬ 
actly similar to the effect of observing the same object 
at two observatories, wliich are planted at two parts 
of the earth at a considerable distance from each 
other. 

Now, in Figure 40, let GC bo the earth, M the 
moon. I wish to measure the distance of the moon 
from the earth. I have two observatories fr-om which 
I view this moon. One of them, G, we wiU suppose 
to be at Greenwich or at Cambridge; the other, C, 
to be at* the Cape of Good Hope. In remarking on 
the grounds of a person’s judgment of the distance 
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of an object D, Figtire 38, as obseired with the two 
eyes, 1 Siiid that it cleponds on this: that the object 



is seen by the two eyes in two different directions. 
In lik(? iiiannor the inea'snre of the distance of the 
moon, by means of obsei*vations mmie at the two ob- 
sen'atories G and C, will b(> based upon this circum¬ 
stance : tliat the moon is seen in two different 
directions. 

IIow can that diffonmee of direction be ascertained ? 
It can bo ascertained by obsoiwbig, at each of these 
oT)scrvatories, the Polar distance of the moon. It 
will be remembered (see page 33) that, by the use of 
the mural circle at Cambridge, or at Greenwich, we 
obseiwe the elevation of the celestial North Pole; 
and by the use of the same mural circle, we observe 
the elevation of the moon on the other side of the 
Zenith; or to use a more convenient measure, which 
we more frequently employ, we measure the angular 
distances both of the Pole and of the xooon from the 
ZonitL .Thus, suppose ttvit by observations made 
at G on one side the Pole is 38 degrees the 
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Zenith, on the other side the moon is 70 degrees 
from the Zenith; if we add together these two angles, 
we shall see that the moon is 108 degmes from the 
North Pole, as seen at Greenwich, G. This 108 de¬ 
grees is the measure of the angle PGM, GP being 
supposed to be directed to the celestial North Pole. 
At the same time observations are going on at the 
Observatory G, at the (-ape of Good IIopes, where 
they cannot sue the North l^ole, but they can see the 
South Pole, and therefoie they must refer their oV 
servations there to the South Pole; suppose that 
there they find the angular distance of the moon from 
the South Pole to bo 73 J degrees, this is the measure 
of the iuigle P'CM, CP' being supposed to bo directed 
to the celestial South Pole, and therefore parallel 
to GP. 

Now, we have got these two measures, from which 
we see, that by the combinations of the Zenith dis¬ 
tances at Greenwich, the moon is seen at 108 degrees 
from the North Polo; and hy a similar comhinatioii 
of the Zenith distances at the Cape of Good Hojie, 
the moon is seen 73J degrees from the South Pole. 
If wo were observing a star S at an immense distance, 
we should get this relation betwcjon the two angular 
measures; that the sum of the two angular moiisures, 
one from the South Pole and the otlicr from the 
North Pole, must be 180 degrees} inasmuch ns the 
two directions GP and CP' are exactly opposite, and 
the two diroctions GS and CS, on account of the im¬ 
mense distance of a star, lU'e c^cactly parallel; and 
therefore, in turning a line first from the position' GP 
to GS, and then from the position GS or CS to CP', 
we have turned it exactly half-round. But tlie thing 
which we have found out with regard to the moon is 
this :■ that the sum of the two angular measures is 
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more Ilian 180 (legreea,for the moafluro at OrtH'iiwich 
Lining 108 (U'gri‘c*s, anil that at the Ca-iie of Good 
Hope hi*i6 73 J ilogi’ces, the sum of these is 181J ih*- 
gK'os. How arc these degrees to lie accounted fori 
This angle of I ^ degrees is tlio angle made hy tlie 
two lines (JH, (’M. I have mived thus at the eon- 
chision : that at the distance of the moon, the angle 
l»et\\eeii the two lines, of which one is diiivted to 
the (iivenwieh ()l)seivat(»iy, and the other to the Ob¬ 
servatory at Ihe (\ipc of (rood Hope, js H d^rees. 
Having the jiosilion of Grivnwieh and tin* CXipe of 
(Jooil JIo]»e, IviioAviiig the angle is IJ degr(*es, and 
knowing the directions of the lines from the two 01)- 
servatoi‘i(‘s, I enii compute tlie distance of the moon 
at once. 

Ill re we must remark, that the ohservai^ous of 
which I have spoken would he of no use, if we liad 
not got the measure of the caHh. That measurt*, 
howi'ver, as I e\plained in a former leetiux*, has been 
obUiiU'd liy tlie aid of oiu’ yaid measure ; and it is 
worth while to leeall the jjriiieijiol steps of the i>ro- 
eess. I*y mecins of the ,^al*d measiuv we nie.ihuml 
a base line in a survey- hy means of the base line, 
witli triangiilatioii, we obt .lined the length of some 
V(*ry long lint's upon the eaith’s surface; .and hy the 
use of the ZenitJi Sector at diderent parts of the 
ciirth, in eoinbiiuition with the measures of these long 
h'nos, we g^ot tht* general dimoiiaions of the earth as 
expivssed in y.aids; then, knowing the position of 
the Observatoiy at Greenwieh, and knowing the 
l)Osilion of the OhseiTaloiy at the Capo of Good 
lIo])e, we have tlie iiie.ms of getting from these 
general .limensions of the eartli the length of the line 
GC in yards, tind its position in regard to the other 
lines; wo know also that the angle GMC is 
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degrees, and therefore, we have the means of com¬ 
puting the length of GM or CM expressed in refer¬ 
ence to our yard measure; that is, of ascertaining 
how far olf the moon is from the earth as expressed 
by a yard measure. 

In the middle of the last century, the celebrated 
French Astronomer, the AbbS de la Caille, was scut 
to the Cape of Good Hope to raalce the refpiisite ob¬ 
servations ; observations were also made at the same 
time at the 01)servatories at Paris .and at Greenwich, 
to detenu ine the angle spoken of. A few yearn ago, 
Mr. Henderson and Mr. kLacloiir, who wei’e succes¬ 
sively sent to the Cape of Good Hope, were partly 
employed in making observ.ations for the same pur¬ 
pose; and from the observations also made at the 
same time at Greenwich and at Cainbriilge, the dis¬ 
tance of the moon from the earth has been determined. 

I will now mention the only failure likely to take 
place in consequenJte of pursuing the method which 
I have described. It is this : I pointed out to you 
in the first lecture that a com?ction for refraction is 
neccssaiy for ever}^ observation made with the mural 
circle. In consecpieuce of that rcjfraction all objects, 
in every part of the heavens, appear higher thjin they 
really are; a correction is applied to that circumstance, 
but that correction may be liable to a small un¬ 
certainty. The angular distance of the line GM from 
the line GP, directed to the North Pole of the 
heavens,may therefore be sh'gbtly in error: we can come 
very near the truth indeed, and porhajis we should not 
bo wrong a single second, or half a second—^but still 
there is always some uncertainty; and I may say, 
tliat refraction is the very abomination of astronomers. 
In like manner there may be a small error in the 
angle MOP', and it may happen that the two errors 
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arc combined, so as to affect the deteimmation of the 
angle OMC by a lai^or eiTor. 

New there is another way in which this observa¬ 
tion can bo shaped, in wliich the effect will not be 
(luito so bad. This is by referring the place of the 
moon, as seen at each Observatory, not to the “North 
and South I^ole Jis I liavc spoken, but to a shir. Let 
S, Pignre 40, be a star at a very great distance, and 
su[)pose we obseiwe the moon when she is nearly in 
the direction of that star. Now, the tiling wliich it 
is oiu* object to ascertain, is the angle made by the 
two lines GM, CM. At G the moon is seen some¬ 
what below the star; we have then only to laeasm^ 
the angle SG^l, about Avliich there can lie verj- little 
uncertainty, either from refiaction or from any other 
cause. At C the moon is seen still more nearly in 
the same dii'ection as the star; the angle SCM can 
therefore he measui'ed with gi*eat accuracy, llie 
angle GMG is the difference hotween the two angles 
8GM, 8(hM. Sup]iose, for instance, tlmt at G the 
moon is seen two degrees below the star, and at C is 
seen only liulf a degree below the stw, then the differ- 
enco or the angle Gi\IC must he 1J degrees; and this 
angle is scawjely liahlc to any possible error. Wo 
have then got this angle G^IC acciiTcitoly, and we 
have got the directions wliich the two lines GM, 
CM, make in j'cforcnco to the hue GC; and the cal¬ 
culation is then much the same as with a triangle in 
a suiwey, where we luive a base measured from which 
we can begin om computations. This is the way in 
which the distance of the moon is measured; ami 
we may say, as a general result, tliat the distance of 
the moon from the earth is about thirty times the 
breadth of the earth. 

It is necessary now to explain with a little more 
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prerision wbat we mean by the wonl jmrnVar, It is 
convenient to make all our calculutiuns of the moon’s 
place with rcfoifnce to the centre of the earth. Now, 
in Figure 40, it will bo been -that the moon, if viewed 
from the centre of the earth, would be seen in the 
direction EM; but, ns vi(*wed from (liveiiwich, bhe 
is seen in the direction GM. The diffei*ence between 
these two directions is the angle GME, and this is 
(Milled the moon’s parallax at Greimwich. In like 
manner, the angle EMC is tli(‘ moon’s par*illa\ at the 
Cai)e of Good Hope; and ther<*fort* the angle GMC, 
which has been found by observations in the way 
already described, is the sum of the ]).irall.i\es of the 
moon at Gr(*enwich and the (''ajio of Good Hope. 

Now, the method in wdiich the calculation of the 
moon’s distance is actually cffectcMl is this. From a 
knowledge of the eaith’s ilimensions, llie h-ngtli of 
the line E(t is known with couhideiabh* accuracy. 
And though (as I stated in the second lectiiiv) the 
2 )lumb-]ine at G is not dhect(Ml actually to the earth’s 
ceiitn*, hut in a slightly diflerent direction, H'(xE’, 
yet, from knowing the form of the earth, Ave can cal¬ 
culate accurately how much it is iiiclined to the line 
HGE, which is directed to the earth’s centre. Tims, 
we know the angle H'Gll, and we have observed the 
angle H'GM with the mural circle, and th(‘ difference 
is the angle ITGM, which therefore is known. Tlien 
we assume, for trial, a value of the distance EM. 
With the length EM, the length EG, and the angle 
HGM, it is easy to calculate the angh* GMK The 
same process is used to calculate the angle CME. 
Wo then add these two calculated angles together, 
and find whether their siun is equal to the angle GMC, 
which we have found from observation. If the sum 
is not equal to that quantity found from observation, 
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we must try anotheT assumption for the length of EM, 
and go through the calculation again. And this we 
must do over and oyer again, till the numbers agi'ee. 

It has been supposed tliat the observtations are 
made at the samQ jnstant at Greenmch and the Cape 
of Good Hope. This is not strictly correct; but the 
difference of time is known, and the moon’s motion 
is well enough known to enable us to compute how 
much the angle P'CM changes in that time; and 
thus we cmi find what would have been the direction 
of CM, if the observation had been made at exactly 
the same instant as the observation at G. 

After having got this notion of the value of the 
moon’s distance, and knowing the method of compu¬ 
ting the j)arallax, it is necessary to apply that oom- 
I)ute<l parallax to every observation made, in order to 
find the position of the moon as seen from the centre 
of the ciirth. Now, if wo have made a considerable 
series of observations of the position of the moon as 
viewed from an Observatory, and then, by calculating 
every parallax, if we have got the coiTosj)onding 
jdaces of the moon as vic.wed from the centre of the 
eai'th, we find this, that the some law holds in the 
motion of the moon round the earth as in the motion 
of the earth and planets round the sun; that is, that 
the moon moves in an ellipse which is in a plane 
passing tlirongh the earth’s centre. 

Wlien we consider it sufficiently established that 
the moon does revolve in a plane passing through the 
earth’s centre, we can take that assumption as the 
basis of calculation to be compared with observations; 
and we can find what the moon’s distance is, fi»m 
observations at a single Observatory. The effect of 
parallax is alw ays to m^e the objwt ly^^r lower. 
If the moon were viewed from ihe cenike m the eafth. 
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its path (which is in a plane passing throngli the 
centre of the earth) would appear to he a great circle 
inclined to the equator; and if we compared its 
places when nearest to the celestial I^orth Pole, 
and when furthest &om it, one* of those onguLir 
distances from the celestial Korth Pole would 
he as much less than 90 degrees as the other 
is greater than 90 degrees; and their sum would he 
180 degrees. Put, in consequence of parallax, each 
of these angulfir distances as viewed at Greenwich is 
inci'eased and therefore their sum is greater than 180 
degrees. I>y usceiiaining, therefore, what each of 
these distances is, and what their sum is, and how 
much that sum exceeds 180 degrees, we have the sum 
of two parallaxes; and from this we can find the 
moon’s distance hy calcuLition, (assiuning a dis¬ 
tance for trial, and alteriiig it us often as may he 
necessary, and for every alteration computing the 
two parallaxes, adding them together, and seeing 
whether their sum agrees with the observed sum), 
nearly in the same way as when the moon was ob¬ 
served at Greenwich and the Cape of Good Hope. 
It is remarkable that this jmncijde was used as long 
ago as by Ptolemy, (about a.d. 130) and a respectable 
estimation of the proportion of the moon’s distance 
to the earth’s diameter was obtained hy him; hut, as 
he did not know the dimensions of the oaiih, ho was 
unable to express the moon’s distance hy an absolute 
measure. 

I sliull now proceed to a subject of much greater 
difficulty, viz. the computation of the distance of the 
sun from the earth. This most difficult problem 
might not have been accurately solved hut for a sug¬ 
gestion of Dr. Halley, who, in the year 171C, pub¬ 
lished -a pap^ in the Philosophical Transactions of 
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the "Royal Society of London. He was an old man at 
the time, nearly sixty years old. He explained wliat, 
as he sai<l, would bo a satisfactory method of solution, 
by obs(.Tvation8 of the “transit”* (or “passage”) of 
Venus over the suu’s disc or face; and he pointed 
out tlio possibility of seeing the transits of Venus 
across the sun’s disc, which were to occur in 1761 
and 170*.); and he betpieathed, as a task to posterity, 
tile problem of ascertiiiiiing the distance of the sun 
fi‘om tile earth. For, understimding the following 
statoiiK'nt, it is impoi'tant to renuuk, that the method 
of limliug the distance of the sun by observation of 
the transit of Venus, requires that observations be 
miule (as in the first method for the moon) at two 
Observ'atories at widely diflermt positions on the 
earth. In 17G1 a transit of Venus occurred, wliich 
was visible in many parts of Einope; it was necessary 
to obseive it in other parts of the earth, and expedi¬ 
tions wen3 sent out for that purjiose; amongst others. 
Dr. Maskelyue was chosiui by the Oovernment to go 
to St. Helena, (where, however, clouds prevented imy 
part of it being seen), and a Mason to the Cape 
of Good Hope. In 1761' another tiansit of Venus 
occurred, wliich was visible in the hloj-th of Lapland, 
but ill no other parts of Eiu’opc; it was necessary, in 
order to jirocurc a good station for observations to be 
conijiareJ with those in Lajihind, to send out an 
expedition to the Pacific Ocean. Captain Cook was 
sent out by the British Govemment to the South 
Seas, in the year 1769, in onlcr to observe the transit 
of Venus in the island of Ottdieite. I wish to men¬ 
tion with regal'd to this expedition that, so far as I 
can understand, the expenses incurred in that part 

* The word “transit” signifies nothing more than “passage 
acroBs.” 

L 
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whicli related to the ascertaining the distance of the 
snn from the earth, were defrayed from the private 
purse of George the Third. 

The next fiansit of Venus will occur in the year 
1874. It will he followed hy one in 1882 : ^ter 
which there will he none for more than a century. 

From the transits of Venus in 1761 and 1769, hut 
especially from the latter, the sun^s distance from the 
earth was ascertained to he about 95^ millions of 
miles. It was long believed that tlie determination 
was all hut perfectly accurate : hut recent investiga¬ 
tions seem to point to the conclusion that the value 
of the sun’s distance so found is too great hy more 
than three millions of miles. The source of error 
appears to he traced to the untrustworthy nature of 
the observations made in Lapland : and astronomers 
now look to the coming transits in 1874 and 1882* 
for the precise settlement of this important question. 

When the distance of the sun is obtained, the dis¬ 
tances of the other planets are easily found by ciilcu- 
lation from the proportion of distances, which, as I 
said, was known long before the real distance of any 
one was known. 

Before entering on the explanation of the principles 
of this method, I wiU point out to you the nature of 
other attempts which h^ been made to ascertain the 
distance of the sun from the earth, some of winch 
were totally unsuccessfuL In the first place, we 
might use the some method to ascertain the distance 
of the sun from the earth as that used for ascertaining 
the distance of the moon from the earth. We might 
take the angular distance of the sun from the FTorth 
Pole, as viewed from an Observatory on one part of 
the earth (as Greenwich); and the angular distance 
of the sun from the South Pole, as viewed from 
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anotheT Observatoiy at another part of the earth {as 
the Capo of Gk>o(l Hope); and then, by adding these 
two angles together, if the sum exce^ed 180 degrees, 
wo should consider that excess as duo to the parallax, 
and should calculate the sun’s distance in the same 
manner as in the case of the moon. But then comes 
in refraction, winch is here a serious matter. The 
sum of the panillaxes of the sun at the two stations, 
tliat is to say, the angle GMC, Figure 40, (supposing 
M now to represent the sun), does not exceed eight 
or nine seconds; it is an exceedingly small angle. 
Tlie uncertainty of refraction in the observation of 
the sun is always two or three seconds; the air being 
hot at the time the observations are made, and the 
sun almost always a])peaTing, in a telescope, tremulous 
and ill defined. It is ])laiu, therefore, that where 
there is such an uncertainty, it is useless to attempt 
to determine an angle which is not greater than eight 
or nine seconds. You may say, perliaps, that wo 
could do the same thing with the sun as with the 
moon, by rehiiring it to the stars. But there is this 
ditf(;r(*nce; we can see the moon, and we can see 
small stars close to the moon, and at the time that 
we observe the moon and the stars the air is not dis¬ 
turbed by the heat of the sun \ everything is steady 
and is seen well; hut in the heat of the day objects 
are unsteady and are never seen well: we cannot see 
a faint star at aU; and wo can only see bright stars 
at a distance from the sim ; therefore we ore cut off 
entirely from observing the paralhix of the sun in that 
way. We cannot observe its angular distance ftom 
the North and South Poles frt>m the uncertainty of 
rofriiction, anti we cannot compare the sun with the 
stiirs, because we cannot see stars near to the sun 
when the sun is shining. 

L 2 
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TJiere is a second method, a very ingenious one, 
, J)ropoeed by astronomers in tlie middle ages. You 
will observe, by tlie preceding operations which 1 
have mentioned, that we have mude several good 
^eps for the puqiose of measuring the distuiice of the 
sun from the earth. By a yard measurcj wo have got 
•the length of an arc on the mendian, iiiid from that 
we have found the dimensions of the earth, and from 
tliese we have got the distance of the moon; and 
possibly, from the distance of the moon from the 
cai'tli we shall be able to get the distance of tlie sun 
from |hn earlL In Figure 41, let S be the sun, E 



the earth, and M the moon, and suppose the distance 
of the sun to lie not particularly greattvr than tliat of 
the moon. The sun illuminates half the moon at 
once, and no more. In the position which is ivpre- 
sented in Figure 41, when tlie aiigle SME is a rigJit 
angle, persons on the earth will see the moon half 
illuminated, but not at an angle of 90 degrees from 
the sun. For when the angle SME is 90 degrees, the 
angle SEM must be less than 90 degrees, inasmuch as 
the sum of the two angles SEM and ESM is 90 de¬ 
grees. From this it is plain, as a matter of theory, 
'that when we see the moon half illuminated she is 
less than 90 degrees from the sun, and the angle at 
whidi she really is distant from the sun depends upon 
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the proportion of her distance to tho sun’s distance, j 
If the sun’s distance from the earth is not excessively 1 
j^reator than tho moon’s, then tliat angle SEM will he 
sensihlv less tlian. 90 degrees; but if the sun's dia- 
tanc(! from tho earth is very much greater than the 
moon’s, then that angle will be ver^^ nearly equal to 
90 ih*gi*ees. I'his observation, therefore, gives us, 
theoretically, tho way to determine the sun’s distance 
fii3m the earth, if wo can determine exactly the time 
when the moon is half illuminatod. Unfortunately, 
th(3 roughness of the moon’s surfjice, which resembles 
very much a volcanic suidace, makes it impossible to 
ob.sor\'e, with fuiy degi’oe of exactiu'ss, at what time 
the moon is half illuminatod, and this principle fails 
totally ill j)raetico from that cause. 

Th(j next method pointed out for ascertaining the 
distance of the sun fi’om the earth, and which has 
1)0(311 usi'd with considomhle success, is founded upon 
the ohservatioii of the jilaiiot ^lars. Although the 
distanc,fs of tho ])lanots from the sun were not known 
to till? ancient astronomers, yet the proportions of 
their distances were known to them. I have already 
])oiiited out to you that Venus is the planet which 
exem])lili(^s this host. I>y ohsnrving liow far Venus 
goes to the right and to tho left of the sun, we can 
ascertain the ])ro])ortion of the distiuice of Venus 
from the suu to the distance of the earth from tho 
sun, whicli is a proportion of 72 to 100 nearly; 
although wo do not know the absolute distances at 
all. The same remark ap^ilies to other planets; 
although we do not know their absolute distances, 
yet wo can see or ascertain the proportions of the 
diameters of their orbits, which exjilain their diliei^ 
eiit apparent movements. With regard to MarSj We 
ai^e able to assert (knowing the proportion of the 
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distances of Mars and of the earth fi*oni the snn, and 
the form of their orbits) that at certain times, when 
\ Mars is in opposition to the sun, the distance of Miirs 
from the earth is only one-third of the distance of the 
sun from the earth; therefore, if we can ascertain the 
distance of Mars from the earth at that time, and 
multiply it by three, we get the distance of the sun 
from the earth. Hie distance of Mars can be got at 
with considerable accuracy, by observations made at 
Greenwich and the Cape of Good Hope, in exactly 
the same method as tliat which 1 have explained for 


getting the distance of the moon. Our obseivations 
as to we angular distance of Mars from the celestial 


North Pole must be referred to the same iixed star at 


the two places. In the Nautical Almanack, for scvcsral 
years past, (a work which is published three or four 
years in advance,) there is prcpai’ed a list of stars, 
which it is recommended should be observed and 


compared with Mars, not only at the European Ob¬ 
servatories, but also at the Cape of Good Ho]ie and 
elsewhere in the Southern Hemisphere. Accordingly, 
at the opposition in 18G2, ohservatioiis were made in 
pursuance of these recommendations: and from them 
it has heen deduced, that the distance of the snn 
from the earth is rather more than 9H millions of 
miles, a smaller value, it will he obsei'ved, than that 
found from the obsf^rvatious of the last transit. 
This method is a pretty good one; but it is not the 
most accurate method, which is tliat founded upon 
the transit of Venus, and to the explanation of it I 
now proceed. 

There is one point, with regard to the motion of 
ithe planets, to which I should wish to allude in the 
first place, as 1 have hitherto made no mention of it. 
It is rather important in reference to the trai^it of 
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Venus. The orbit of each planet is in a plane pass- 
ing through the sun, but the orbits of all the pliuets 
are not in the same plane; the orbit of Venus is not 
in tlie siuno i)laTie as the orbit of the earth. In 
Figure 42, lot IS be the sun, E the earth in its orbit, 



and V Venus in her orbit. It is plain that Venus 
in her motion (irosses the plane of the earth’s orbit 
in two positions,-and no more. Suppose, now, tliat 
E and V repiescnt the relative positions of the earth 
ami Venus, at the time when they are, generally 
speaking, in tlie same direction from the sun. K a 
peu’son on the earth looks at Venus now, he will see 
her above, the siiii. If it liappen that the two are, 
generally syieaking, in the same direction from the 
sun at E' and V', then when the conjunction takes 
placjc she will bo seen below tlie sun. Ilut there is 
one state of things k» Ixj considered, viz.: when the 
conjiiJiction occurs at V^ and E^, Venus being veiy 
near that part of her orbit whore it crosses the plane 
of the earth’s orbit. At this time, if an oliserver 
on the eai*th were to look at Venus, he woidd see her 
upon the sun’s face. The same would happen if the 
conjunction took place on the side of the orbit op¬ 
posite to V^ jmd E". It is a matter of great impor¬ 
tance to ascertain at what times tliis will occur ; at 
what time the conjunction takes place when Venus 
is near that point (called the node) of her orbit. 
Now, whenever the conjunction occurs at V^ or on 
the side exactly opposite, then there is an opportunity 
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of seeing Venus on the sun’s face. The most cele¬ 
brated transits of Venus, as I have said, occurred in 
1761 and 1769; and the next will occur in the years 
1874 and 1882. 

I will now proceed to show you the metliod hy 
which these transits are mmie available for measur¬ 
ing the distance of the sun fi’om the earth. I must 
■first point out to you what Ave know and what Ave do 
not know. From observing the distance wliicli 
Venus goes to the riglit and loft of tlie sun, wo do 
knol^^tlae proportion of the distance of Venus from 
the ’sun to the distance .of the ciuth from the sun. 
This ihust he remembered carefully. We do not 
know the ahsolutii distance of the earth from the sun, 
nor the absolute distance of Venus from the sun, but 
we know their proportion, Now, with respect to the 
diameter of the sun : suppose that T liave instru¬ 
ment like a pair of com].)asses, and that T uh(‘. this so 
as to bo able to obsiwe tJie appiirimt angidar bivadth 
of the sun. I apply the joint of the comjiasses to my 
eye; I direct one of the legs to the lowei* pmi; of the 
sun, and the other to the upper i)art of the sun; I 
then know the apparent angular breadth of tluj sun; 
and from this I determine the pro])ortion of the ab¬ 
solute diameter of tho sun to the disUmce of the sun, 
and whatever distance I assimie for the sun 1 must 
take the diameter i)roportionately to that distance. 
If the distance of the sun is one hundred millions of 
.miles, the breadth of the sun (roughly speaking) 
must be one million; if the distance of the sun is 
fifty millions of miles, the diameter of the sun is 
half-a-milhon of miles, l^cet Figure 43 be a perspec¬ 
tive view of the state of things in which the sun’s 
, distance is supposed to be one hundred millions of 
miles; and the breadth of the sun is one million of 
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miles. Let Figure 44 he a perspective view of the 
state of things in which the sun’s distance is supposed 



to he fifty millions of miles, and its breadth to he 
half-a-inillion of miles. In Figure 43, the distance 
of Venus fi.'om the sun must he seventy-two millions 



of miles; hut in Figure 44, the distance of Venus 
from the sun is only thirty-six millions of miles. Of 
all these measures we do not know anything absolute, 
we only know their proportions. 

But there is one measure which we do know accu- 
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lately. The diameter of the earth is nearly eight 
thousand miles, and from the knowledge of that we 
shall he ahle to determine aU the others. It must 
then he carefully homo in mind that the diameter of 
the sarth AP>, in Figure 43, is the same as the diam> 
eter 'of the earth A'B', in Figine 44. 

Suppose, then, that there is to occur a transit of 
Venus: that is to say, a conjunction of the sim Jind 
Venus is about to taike place, when Venus is near 
the node of her orhit, in which case Venus is seen to 
pass across the sun’s face. We will su 2 )poBe that the 
observation is to he made at two Ohsei’vatories, one 
of which is near the i?orth Pole of the earth, and the 
otlier netir the South Pole of the earth. From the 
reLation of the motions of different ])lanets eximjssed 
in Kejiler’s third law (tliat the squares of the peiiodic 
times are proportional to the cubes of the distuuces), 
it follows that the peiiodic times increase in a greater 
proportion than the distances from the sun, and that 
the actual motions of the more distant planets in 
their orbits are slower. Thus, supi)ose one planet is 
4 'tim(^,s as far from the sun as another; then its 
periodic time is 8 times os great (since the square of 
8 is equal to the cube of 4); hut the orhit wliich it 
descrihos is only 4 times as large; and thus it moves 
witli only half tlie speed in that orhit. In like 
manner the motion of the earth in its orhit is slower 
t^n the motion of Venus in her orbit. Tlicrefore, 
a6 the earth is moving in the direction from AB 
towards «, and Venus is moving with greater spoe<i 
in the direction from V towards v, the inhabitants of 
the earth will see' Venus moving appaiently across 
the sun in the direction from E towards F, or from 
vX/ towards D, (or in a retrograde diiection). Now, 
first, let us examine in Figure 43 what will he the 
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apparent path of Venus over the sun's face, as seen 
at the point A, near the North Pole of the earth. 
Let a straight line ho dmwn from A through V till it 
meet the suii^s face, and the end of tliat line will de¬ 
scribe tlie ]).ath Cl) on the sun's face, (considering 
ilio sun’s face as a flat disc, which will suffice, for 
this purpose). Thus from the northern station we 
SCO Vonus travelling along the line Cl). In a similar 
way we find that, from the point B on the south side 
of tlie earth, Venus is scon to travel along the line EF. 

Sti]) 1 )ose the diskince between the |)oints A and B 
to ho 7000 miles, and let us calculate the distance 
between the two lines Cl), EF. The supposition is, 
that tlie distance of the earth from the sun is one 
hundred millions miles, and the distance of Venus 
from the sun seventy-two millions of miles, and con¬ 
sequently the distance of Venus from the earth 
twenty-eight millions of miles. Tt follows that the 
interval between the lines Cl), EF (wliich must liave 
tlio same proportion to AB that 72 bears to 28), is 
18,000 miles. 

We will now go on the supposition represented in 
Figuitj 44, that the distance of the earth frmn the sun 
is only fifty millions of miles, and therefore that the 
diskmce of Venus from the sun is thirty-six millions 
of nules, because, as 1 have said, the proportion of 
the distcance of Venus from the sun to the distance 
of the earth from the sun is known beforehand, and 
the distance of Venus from the earth fourteen millions 
of miles; and let C'l)' ho the path of Venus as 
viewed from A', and E'F' the path of Venus as 
viewe<l from B'; and, still supposing the distance 
between A' and B' to ho 7000 miles, let us calculate 
wliat is the interval between CD' and E'F'. This 
interval is in the same proportion to A'B' as 36 is to 
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,14, and therefore it will be 18,000 miles, exactly the 
same as in Figure 43. Thus the interval between 
the two lines of the aj^parent path of Venus is the 
same, whether we suppose the eartVs distance from 
the sun to be one hundred millions of miles, or fifty 
nulhons of miles. 

But there is this cause of difference in their effects, 
that on one of these suppositions the wliole diameter 
of the sun is one million of miles, but on the other it 
is only half-armilHon of miles. Thus, tu3 taken in 
absolute measures of miles, the parallel lines ("D, l^F, 
are just as far apart as the parallel lines (^1)', E'F'; 
but they are drawn across a circle whose diiuneter in 
one case is double what it is in the other. But, as 
viewed from the earth, the ai)piireiit diameter of the 
sun is the same on the two suppositions, but the lines 
Cl), EF, (if we could see them painted on the sun), 
would appear nearer together, on the supposition of 
Figure 43, than on that of Figure 44. Now, iiuisiuuch 
as in the two figures we malv(5 no differcuice of sup])o- 
sition as to the position of Venus as viewed from tlic 
earth’s centre, the lines will cross the sun’s disc in 
the same general position in Ixjtli figures; and, there- 
ibre, they will meet the edge of the sun’s <lisc at 
nearly the same angle*; and, therefore, as the interval 
between them is the same, th(^ difference of length in 
miles between CD and EF is the same as the differ¬ 
ence of length between C'D' and E'F’.t But as the 
lines CD and EF are about double the length of C^D' 
and E'F', the proportion of the ilifferonce of lengths 

* This will be true if the difference between the radii of the 
circles which are compared with one another be small compared 
with either radius. 

t It ia to bo home in mind that the interral between CD and 
EF ia small in oompaiison with the diameter of the sun. 
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to the whole length in Figure 43 is only lialf what it 
is in Figui’e 44. Thus, supi)ose the position of the 
lines to he such that CD is longer than EF by one^ 
thirtietli part: then C/D' is longer than E'G' by one- 
lifteenth part. And if the earth’s distance h'om the 
sun is one liunclred millions of miles, and if Vemus be 
seen to ci*oss the sun’s disc in the direction which we 
have su])]iose(l, the dilierence of the times occupied 
by tlie ])assago of Venus over the sun, as viewed from 
A and from .15, -^dll be only one-thirtieth part of the 
whoh) time ; but if the distance of the eartli from the 
sun is only lifty millions <»f miles, the diflerence of 
times A\'ill be one-lifteenib part of the whole time. 

Now Avo hsive come to something that can be com¬ 
pared immeiliateJy Avith ol »seivationL Wo c^in observe 
at the two stations A and 15 the whole time that is 
oticupied in the passage of enus across the sun’s face. 
And having asceiiaiiicd the whole time of transit at 
each of these stations, Ave can take the difl'ereiice be¬ 
tween th(j two times, ami lind Avljat proj)ortion it bears 
to the Avliolc time. If, (supi)osing the lines to cross 
tlie sun’s disc in the iliifction su])iiosed above,) the 
dilfer(.‘nce is Ibiind to bi*. ono-thiiiiicth of the Avhole, 
then Avc conclude that the sun’s distance is one hun- 
dnnl millions of miles; if it is onc-fifteonth of the 
whole, we conclude that the distance is lU'ty millions 
of miles; and so fi*om iuiy other result of ohservation 
as to the dilierence of times occupied in the passage, 
wo draw an inference as to the sun’s distance. 

It is noAV i)roper to if-mark that the observations 
cannot bo made strictly as we liave supposed, at two 
stations A and H, which preserve the same relative 
position during the whole transit, because the earth 
is during all this time revolAring on its axis. And it 
'will be worth Avhile to remark how advantage may 
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be taikeii of this circumstance to increase the difference 
of times of passage of Venus over the sun*s disc as 
seen at the two places, and thus to render the result 
more accurate. (For if, on the suj)position that the 
sun’s distance is one hundred millions of miles, wc 
can by proper choice of stations increase the diiibrence 
of times from 16 minutes to 24 minutes, and if the 
uncertainty in observation from cliance eirora is five 
seconds, then that uncertainty is of the whole in the 
former case, and ^ of the whole in the latter ense; 
and the proportionate uncertainty in the sun’s dis¬ 
tance will be tlie same.) Tlie transit of Venus in 
1769 occurred on Jiine 3, a day very near to the 
summer solstice. The North Polo of the earth "was 


turned partly towards the sun. Venus appeared to 
pass across the sun’s disc from left to right, or in the 
retrograde direction. The earth was revolving from 
right to left, or in tlie way which wc call (liroct. 
Now let Figure 45 represent the view wliicli would 

be had by a person (for instance, 

O an inhabitant of the planet Mars, 

if it had happened to be in the 
proper position) looking over the 
earth, and seeing the sun beyond 
it. To avoid confusion, Venus 
is omittted from this figure. The 
South Pole, P', of the earth 
would be seen by him, but the 



North Pole, being nearer the 
sun, would be invisible. A 


Fig. 4S. station near the South Polo 

would, in the course of its di¬ 
urnal revolution, describe a circle, of which the greater 
part (represented by the dark arc of a circle) would be 
towaids his eye, and the smaller port would be on the 
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side next the sun. A station near the IToTth Pole 
would deserihe a circle, of which the smjiUer part 
would be towards his eye, and the greater part 
towanls the sun. The whole passage of Venus occu¬ 
pied about six hours. Now, it was possible to choose 
a station A (Wardhoe, in Lapland) such that, at the 
beginiiiiig of the transit Wardhoe was at A, that it 
then ])nssed the dark part of its revolution, and arrived 
on the sunny side at a at the end of the transit; in 
other words, that the transit began in the evening and 
ende-d the next morning. And another station B 
(Otcalwjite) might be chosen, such that the transit 
begjin soon after Otaheite entered into the light at B, 
(or in the morning) an<l ended shortly before Otaheite 
came to the darkness at h. Now, we, have already 
seen that Venus as seen from A described the longer 
path Cl), merely because A is higher in the figure 
than B ; but now we may see that, in conscciuence of 
A being to the hsft, V(5nus will he seen to enter at C 
sooner than if A had been in the central line; and, 
in consequence of a being to tbo right, Venus will he 
seen to leave the sun at 1) latcjr than if a had hecn in 
the central lino; and for both reasons, the time in 
wliich Venus appears to describe the path CD will he 
lengthened. In lilcc manner, it will be found that, 
as seen from B and b, the time in which Venus ap¬ 
pears to describe the path EF will b(», shortened. 
And, tliereforc, the ditVerence of the whole durations 
of the transit as seen at the two stations will he con¬ 
siderably increased, 

I have mentioned specially Wardlioe and Otaheite. 
Many other stations were used, hut these were the 
best of alL The whole duration of the transit at 
Wanlhoe was about 5 hours 54 minut^ The whole 
duration at Otaheite was about 5 hours '3^ minutes. 
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Tlie difference of durations was about 22 minutes. 
We may perhaps say that 7 minutes of tliis was 
caused by Wardhoc being north of the earth’s centre, 
5 minutes by Otahcite l*eing south of tlie (?ai*tJ» s 
centre, and 10 minutes by the circumstantjc tliat at 
Wardhoe the transit began near sunset, wjiile at 
Otaheiie it hegiin ne^ir sunrise. 

On comimting, from the known dimensions of the 
earth, the tlistancos of the i)omts in miles, 

and finding (by the proportion- which I have men¬ 
tioned before) how distant in miles were the lines 01), 
EF, how much they differed in length, and liow much 
they appeared to tlilfer when respect was had to the 
different j’jositions of the two stations at the l)eginning 
and end of the tninsit; and finding what must hi* tlui 
actual diameter of the sun in miles, in order that the 
diiibrence between these lines CD, EF, thus altt rt'd 
for the changes of positions of the two stations, miglit 
bear to their whole length the same proi)ortioii whu li 
the difference of observed diuutions of transit bom to 
the whole duration of transit, and computing from 
this diameter of the sun in miles what his disianct* in 
miles must be to make his apparent angular diameter 
what we know it to be ; it was found that the mean 
distance of the sun is 95,300,000 miles. lf‘ the <lia- 
tanco of the sun had been only 47,650,000 miles, the*, 
ditfereneo of durations of transit at Waidlioe and 
Otaheito would have been 44 minutes. 

The method of determining the sun’s distance, 
wliich I have thus attempted to illustrate, is one of 
the most difficult subjects for a public lecture that I 
know; and if I have given you a few notions of it 1 
sliall he perfectly satisfied. 1 shall make some further 
lemarks on this subject in the next lecture. 
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LECTtTEE V. 

Recapitulation of Lecture TV.—Precession of the Equinoxes.^ 
Lunar Nutation.—Aberration of Light.—Measure of the 
Distances of the Stars. 

I E” last ovciiiiig’s lecture I treated more especially 
of tlio measures of iLe distance of the moon and 
the sun from the earth j and iirst of the distance of 
the moon from the eailli. 1 endeavoured to i>oint 
out lo you that the method of parallax, by whicli the 
<listaiice of the moon from the earth is measured, 
might be illustrated by the combined operations of 
th(‘ two cy(.‘s in tlio bead, hy whicli the distance 
of ol)j(;ots iKjar us may be aiiproxiniately estimated ; 
but that in mc^isuriiig the distance of the moon from 
the earth, instead of making use of the two eyes in 
the ]i«*ad, wo make use ol two observatories on the 
(jarth, ])laced at a considerable distance fi*om each 
otlier, from which jdaces we observ'e tlio same celes¬ 
tial ol)j(‘ct. r then pointed out to you two places that 
ai*e peculiarly a(la])ted for this measure; one of these 
is the Observatory at the (k\pe of Good Hope, and 
the other is Greenwich or Cambridge, or any other 
Euj-opean Obscsn'atory. At the European Observa¬ 
tory, by means of the numd circle, we observe the 
apparent angular distance o*f the moon from the 
North Dole, at the time when it passes the meridian; 
and we alsi^ohserve on tlie same day, at the Observa¬ 
tory at the Cape of Good Hope, what is the apparent 
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angular distance of the moon from the South Pole of 
the heavens. The reason why we must make the 
observations in this way is, because at the European 
Observatory we can see the North Pole, while at the 
Cape of Good Hope they can only see* the South 
Pole. The angle between the two celestial poles is 
necessarily 180 degrees exactly, because the directions 
of the lines drawn from the two places to the celestial 
poles ore parallel to the same line, namely, the axis of 
the earth. I then remarked that the moon, as viewed 
:&om the Cape of Good Hope, does not pass the 
meridian precisely at the same time as when viewed 
at the Observatory at Greenwich or Cambridge. But 
the difference of time is well known; and we have 
only to take into account the change in the moon’s 
place during the interval which elapses between the 
observations at the two places, lliat is done with 
very great accuracy, and we can reduce the angular 
distance of the moon &om the South Pole, to what 
it would have been if it had been observ^ at the 
some time as at Greenwich. Thus we have, for the 
same instant of time, got the apparent angular dis¬ 
tance of the moon from the North* Pole, as seen at 
Greenwich or Cambridge, and the apparent angular 
distance of the moon from the South Pole, as seen 
from the Cape of Good Hope. The sum of Ikese two 
^angular distwees, if a star were observed, would be 
180 degrees \ but when the moon is observed, the 
'sum of these two angular distances is found to be 
more than 180 degrees, and the excess above 180 
degrees is effect of parallax. It is the same as 
the angle which is made at the moon by two lines, 
one drawn from the European Observatory and the 
other from the Cape of Good Hope. Here we have 
got everything in much the same state as when 
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measuring any distant object by means of a base line. 
For, from our knowledge of the form and dimensions 
of the earth (Figure 40), we know the length and 
position of the line GC; and the observations made 
at Greenwich and at the Cape of Good Hope give us 
the angles MGC and MCG \ and thus we have the 
elements for computing the lines GM and CM, and 
then the distance £M can be found with little 
trouble. 

I then added, that there is one cause of uncertainty, 
which is refraction, and which produces its effect in 
this way: we refer* the observation of the moon at 
Greenwich to the iN'orth Pole of the heavens ; and 
we refer the observation made at the Cape of Good 
Hope to the South Pole of the heavens. In dedn- 
ciug the leal places of the moon &om the apparent 
places, it is necessary to take into account the quan¬ 
tity of refraction which enters in these two cases. 
There is one calculation of refraction, amounting to 
a great many seconds, or, perhaps a minute or two, 
to be taken into account in the observations made at 
Greenwich; and another calculation of refraction, 
perhaps amounting to a like quantity, to be taken 
into account at the Capo of Good Hope. As I said 
before, refraction is the plague of astronomers, and 
owing to it, there is always a little uncertainty in the 
measurement of large angles on the celestial meridian. 
On that account it is desirable, if possible, to diminish 
that refraction. If wo suppose that there is a star S, 
Figure 40, at a distance so great that its position is 
sensibly the same when seen from any part of the 
earth, and if two observers select the star by previous 
concert; and if the person at G observes with his in¬ 
strument the place of the moon as well as that of the 
star, he finds how many degrees, minutes, and seconds, 

H 2 
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the moon is helow the star. This is the angle SGM, 
and the comparison by 'which it is determined is al¬ 
most independent of refraction. By similar ohser- 
yations at C, the angle SCM is found with equal 
accuracy. And the diifercnce between these angles 
pves the angle CMG with great accuracy. And it 
is this angle upon which the distance of the moon 
mainly depends. 

I then exjdained that the calculation, in point of 
fact, is not made by treating MGC as one triangle in 
a survey, but by dividing the angle GMC into two 
paits by the line EM,^d then assuming for trial a 
value of the distance EM and comjmting the angle 
EMG, and "with the same assumption computing the 
angle EMC, and adding them together, and linding 
whether tliis sum agrees -with the observed angle 
GMC; if it docs not agree, the assuinjitioii of dis¬ 
tance must bo varied till it does agi*ec. There is no 
difficulty ill each of these computations; because, 
from the dimensions of the earth, it is etisy to lind 
the inclination of the line GE to the veHical II'GE'; 
and therefore from the ohseiwl angle ITCIM the 
angle IIGM is found \ also the length CiE is knoA^m; 
and the length EM is assumed for trial j and then 
the calculation of EMG is easy. 

It is noAv j)roj)cr to mention that astronomers veiy 
seldom refer to the actual length EM in yards or 
miles. 1 exjdained tliat the angle ElMG is called 
tlie parallax of the moon at ^1, and tlio angle EMC 
is the parallax of the moon at C. Eow, (referring 
for the present to the place G only,) if the line GM 
were perpendicular to the line EG, that is, if the 
moon were in the horizon as viewed from. G, the j)ar- 
allax would bo greater than in any other position of 
the moon, (supposing the distance EM not to be 
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altered.) Tliis is called the horizontal parallax. 
And as the earth is not spherical, and therefore dif¬ 
ferent places are at different distances from the 
eailih’s centre, the horizontal parallaxes will not be 
the sani(i at different places; it is tliercfonj con¬ 
venient to fix on some one place as a standard. The 
jdace fixed on by the consent of astronomers is the 
ecpiator; and‘the horizontal parallax of'the moon 
at the equator is called the hoAzonial Mittaioreal 
parallax. This is the quantity used by astronomers 
in relation to the moon’s distance \ it is convenient 
for their calculations, and it amounts to the same 
thing as using the distance; for if the distance is 
known, the horizontal equatoreal parallax is known; 
or il‘ the horizontal etpiatoreal parallax is known, the 
distance is known. The moon's horizontal equato¬ 
real parallax vJiries (according to the moon’s distance), 
from 54 minutes of a degree to 61J minutes ; these 
coiTcspond respectively to the distances 252,390 
miles and 222,430 miles. 

I then stated, that when every observation of the 
moon made- at any one ]>hice is (corrected for paiullnx, 
so as to infiirm us what woiild be the i)osition of the 
moon as viewed from the centre of the earth, it is 
found that her orbit is sensibly a plane j and this 
conclusion may then be properly used as a basis for 
deteimining with greater accuracy the moon’s hori¬ 
zontal pariallox at that place. Eor the moon’s angular 
distance from the Pole when she is nearest to it will 
fall short of 90 degrees, just as much as it will exceed 
90 degrees when she is farthest from the Pole, pro¬ 
vided that the proper correction for parallax is made 
to as to reduce the observed place to what it would 
have been as seen fi'om the earth’s centre. Ifl the 
condition which I have mentioned is not satisfied, it 
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is a proof that the assumed Tslue of horizontal par¬ 
allax is MTong, and a new trial must he made. I men¬ 
tioned to you that this method is interesting, not only 
as being in use at the present time, but also because 
it is the method first used by Greek Astronomers. 

Both in the last £uid in the present century, the 
distance of the moon has been found with great ac¬ 
curacy by these methods. Its mean* value may bo 
roughly stated to be 240,000 miles, or about thiity 
times the breadth of the earth. It seems a long way, 
and it is a long distance to measure, considering that 
it is ascertained by the use of a yard measure. You 
will observe that it is really and truly measured so. 
A yard metisure was used to measure the base in the 
trigonometrical survey; by means of this, and a series 
of triangles, a long luie w^ measured on the earth; 
by knowing its length, and by making observations 
with the Zenith Sector, the form and dimensions of 
the earth were found; and by knowing the size of 
the earth, and by observing the angles which relate 
to parallax, the moon’s distance is found. You see 
wo have thus proceeded step by step from Uio yard 
measure to the moon’s distance. Wo may thus pic¬ 
ture to ourselves the distance of the moon. If a 
railway carriage travelled at the rate of 1000 miles a 
day, it would at that rate be eight months reaching 
the moon. i 

I then proceeded to point out to you by wBat 
moans the measure of the sun’s distance had been 
attempted; and first I pointed out to you some 
methods which have failed. In the first place, I re¬ 
marked that the distance of the sun from the earth 
might apparently be measured, just in the same way 
as the distance of the moon from the earth, by ob¬ 
servations at two distant observatories. This method 
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practicaUj is inapplicable, because tbe uncertainty of 
refraction is great, for the air is in a heated state, 
and it is therefore in a state unfavourable for the ob¬ 
servation ; and because no star can be observed near 
the sun. In tliis case, a smaU uncertainty produces 
a far greater clTect than in the case of the mooiL 
Suppose, for instance, that there is an uncertainty in 
the observation which will produce an uncertainty of 
one second in the horizontal parallax. The smaller 
.is the pju’allax, the greater is the distance in the same 
prop(3rtion. If, then, by tliis en*or, the moon^s hori¬ 
zontal parallax is altered from 57 minutes to 57 
minutes 1 second, the measure of distance is altered 
by only part of tlie whole, or by 70 miles. But 
if the sun’s horizontal pamllax is altered from 9 
seconds to 10 seconds, the measure of distance is 
altered by ^ part of the whole, or by more than 9 
millions of miles. On tliis account, the method of 
j simple parallax entirely fails in ascertaimng the dis¬ 
tance of the sun. 

I then mentioned another very ingenious method, 
one founded on the observation of the jdace of the 
moon wlien it is “dichotomized.” This is a Greek 
expression used to denote that state of the moon when 
it is half illuminated. If we c^n fix upon that time 
exactly, we shall know that the angle at the moon 
made by lines drawn to the sun and the earth is a 
light angle, and if wo can then measure the angle at 
the cai*th hetweem the sun and the moon, and subtract 
tliat angle from 90 dcgn5cs, wo sliall have the angle at 
the sun made by lines cbuwn to the earth and moon; 
and from this we shall ho able to compute the pro¬ 
portion between the sun’s distance and the earth’s 
distance. This method foils because the surface of the 
moon is so exceedingly xougL 
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I then pointed out a thinl method, which has been 
tolerably successful, (although it is not the one 
regarded as being the most accurate), namely, by ob¬ 
serving the parallax of Mars, wliich moves round the 
sun in an orbit between those of the earth and 
Jupiter. It is founded upon these considerations. 
First, that from seeing how the planets go right or 
left of the sun, or how much their motion deviates 
ftom motion in a circle round the earth, the propor¬ 
tion of the distance of Mais from the sun to tlie dis¬ 
tance of the earth from the sun is known quite 
independently of any knowhsdge of the absolute 
distances; and that in fact this proportion was known 
with considerable accuracy many centimes ago. In 
the year 1700 it wjis nearly os well known as it is 
now. Secondly, the proportion of the distances from 
the sun being known, it followed that the proportion 
of the distance of Mars from the earth to the distance 
of the earth from the sun was known. Suppose then, 
at a certain time, (I am obliged to say at a certain 
time because the orbit of Mars is very eccentric,) when 
the sun, the earth, and Mars, arc in a straight line, 
suppose at that time we know the distance of Mars 
from the sun is four-thirds of the distance of the earth 
£rom the sun, it follows from that, tLat the distance 
of Mars from the earth at tlrnt time, is one-third of 
the distance of the sun from the earth. If we can by 
any method find the distance of Mars from the earth 
at that time, and if we multiply it by three, we shall 
get the distance of the sun from the earth. Thii'dly, 
the distance of Mars from the earth can be obtained 
by the simple method of parallax, as in the first 
method for the moon; and with considerable accuracy. 
At two observatories, as in Europe and .at the Cape 
of Good Hope, the potion of Mors when on the 
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meridian, may l)e compared with some fixed star, the 
same star being observed at the Em'opcan Observa¬ 
tory and at the Observatory at the Capo of Good 
Hope. 1 am afraid tliiit it wUl seem that 1 am dealmg 
in generalities in this matter; but all that 1 can en¬ 
deavour to do is to make the principles of the com¬ 
putation. intelligible. It is nearly impossible to go 
into details. The method which I have just described 
is not, however, the best method, although it has been 
used with tolerable success. 

The fouitli method is, by observing the transit of 
Venus over the sun’s disc. The transit of Venus 
occurs rarely. Tn exjdaiuing this, it was necessary 
to ]K}iiit out that the orbits of the different planets 
an. inclined to each other, as in Figure 42, where EE' 
represents the orbit of the eai’th and "VV' that of 
Venus. You will observe tluit at V Venus is con¬ 
siderably elevatcjd above the plane in which the earth 
moves. If the conjunction t.ak(*s place at V, that is, 
if the sun, Venus, and the cjirth, are nearly in the 
line at S, Y, E, still, however, they are not and cannot 
bo exactly in the same direction; and if a spectator 
u])on the earth looks at Venus, he will see her con¬ 
siderably above tlie sun. If the conjunction takes 
place at V', she will be seen below the sun. But if 
the conjunction takes place at V^, Venus, the earth, 
and the sun, are exactly in a line when the conjunc¬ 
tion takes place ; at tins time a spectator on the earth 
will see Venus on the sun’s face as a black spot. I 
believe it is visible to the naked eye. With a tele¬ 
scope it is seen extremely well I have seen Mercury, 
which is a much smaller body, on the sun; and a very 
beautiful black spot it is. 

In the observation of which I am going to speak, 
it is necessaiy to know befordmnd ^e lime whefi 
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the coiijuiiction 'will ‘take place, that is to say, the 
time when Venus 'will he seen on the sun’s face. In 
eight years Venus goes round the sun thirteen times 
with very considerahle accuracy, hut still not with 
perfect accuracy. Suppose, then, that a conjunction 
of Venus and the earth takes place, at a particular 
position of the tAVO i)lanets; eight years after that 
time there will he another conjunction, nearly hut not 
precisely at the same place. In eight years after that 
there will he another conjunction at a point still more 
distant tlain the first, and thus the points of conjuni*- 
tion will recode gradually from V^, and it wiU he a 
long time hefore a conjunction occurs again, either at 
V^ or on the opposite side. Venus was soon on the 
sun’s face in 1761 and 17G9, at the position opposite 
to V^; she wiU next he seen on the sun’s face in 1874 
and 1882, at the position V^.* 

I then proceeded to point out the principle of tlie 
method in which these conjunctions are used for 
determining the linear distance of the sun from the 
earth. Figures 43 and 44 represent the state of 
things at a transit of Venus on tiro assumptions: 
Figure 43 on the assumption that the distance of the 
earth &om the sun is one hundred millions of miles, 
and Figure 44 on the assumption that the distance 
of the earth from the sun is fifty millions of miles. 
Venus moves in her orbit faster than the earth, and, 
in consequence, as the earth moves towards a or a', 
and Venus moves faster towards v or she will be 
seen when between the sun and the earth to move 
across the sun in the direction CD or C'D'. I re¬ 
marked that, before the observation is made, one 
linear measure only is known, namely, the size of the 
earth; but that we do not know the distance of 
Venus £rom the sun, or the distance of the earth j&om 
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the sun, but wo know that proportion to be as 72 to 
100 nearly; and, similarly, that we do not know the 
absolute br^th of the sun, but we know that, what¬ 
ever the distance of the sun may be, the breadth of the 
sun bears a certain proportion to that distance, namely, 
^at it is ncai'ly the hundredth part of the distanca 
Then I pointed out that if the transit of Venus be 
observed at two points of the earth, A and B, or A' 
and B', wliich are 7000 miles apart, Venus will appear 
to describe on the sun’s face the line CD or C'D' as 
seen from A or A', and EF or E^F' as seen from B or 
B', and tliat the distance between the hnes EF and 
Cl), or between E'F' and C'l)', will be the same quan¬ 
tity in lineal’ measure, namely, 18,000 miles, whatever 
be the supposition as to the distance of the sun; and 
therefore, as the gmeral position of the lines on the 
sun’s face must be the same on any supposition, and 
therefore they will cut the edge of tlie sun’s disc at 
nearly the same angle, the difference of the lengths of 
the two jiatlis CD and EF, or CGD' and E'F' must be 
the same number of miles; but, as the linear breadth 
of the sun is not the same on the two suppositions, 
and therefoio the linear length of the lines CD or 
EF is about double the length of C'D' or E'l'', it 
follows that the ditfeienco of their lengths bears a 
smaller projiortion to their whole length in Figure 43 
than in Figure 44; and therefore, the difference of 
the times occupied by tlie apparent passage of Venus, 
as seen from A and &)m B, bears a smaller proportion 
to the whole time on the assumption of Figure 43 than 
on that of Figure 44. It is plain that here we have 
something which will guide us immediately to a de¬ 
cision on the distance of the earth from the sun, if wc 
can but make observations at two stations, as A and 
B. For, observing with telescopes and clocks the 
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entrance and departure of Venus on the sun^s face at 
^both places, and therefore ascertaining the whole du¬ 
ration of the passage at both plajjps, and consei^ucntly 
the difference of durations; if^at difference bears 
the same proportion to the whole time as what we 
have computed on the assumption of Figure 43, then 
the assumption of distance in Figure 43 is a tnie one; 
if the pro^iortion of the difference to the whole time 
is the same as Uiat computed in Figure 44, then the 
assumption of distance in Figure 44 is true; if 
neither of these agree, another assumption may bo 
made which will come near the truth. 

I then pointed out that the difference of duiS-tions 
(on any supposition of distance) may be much in¬ 
creased by choosing two stations, one as at A (Figure 
45), such that it has nearly turned to the shady side 
of the earth when the transit is commencing, (or in 
other wonls, such that the transit begins sliortly be¬ 
fore sunset,) and has just turned to the illuminated 
aide when the transit is ending, (or in other words, 
such that the transit ends shortly after sunrise,) as 
the former circumstance makes the beginning of the 
transit earlier, and the latter makes the end of it 
later, and therefore, the time occupied by the apparent 
passage along Cl), which is the longer, is still more 
increased; and by choosing another station B, such 
that the transit begins in the morning and ends in 
the afternoon, in which case the time occupied* by the 
passage along £E, and which is already the shorter, is 
still more diminished. And thus, upon any suppo¬ 
sition of the sun’s distance, the difference of the 
durations of the transit is increased, and therefore, in 
comparing the observed difference of durations with 
the computed difference, a smaU error of observed 
durations will be a smaller proportional part of the 
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whole, and therefore, the result for the sun’s distance 
will be more acdurate. I also mentioned that, ini 
the transit of 1769. Wardhoe and other places in 
Lapland answered well to the fonner of these 
conditions, and Otaheite and other places in the 
Pacific answered well to the latter \ and that these 
in fact were the places of observation upon which the 
measure of the sun’s distance principally depends. 

I may now mention that, althouy;h the principles 
of the method arc stated with most perfect correctness 
in the explanation given above, and although the 
process must be thus contemplated by an astronomer, 
in order to enable liim to select stations in the most 
advantageous positions, yet an astronomer’s calcula¬ 
tion is not made in tliai form, llis calculation is 
matlc entii’oly by the method of parallax. Xli® pro¬ 
cess, strictly speaking, is algobmical; but it may be 
correctly described in the following manner. lie as- 
suuKJs a certain value in seconds for the sun’s hori- 
zonhil equatoreal parfiUiix; then fi’oni the known 
proportion of the distances of Venus and the sun, he 
coTiiputes the horizontal equaloit'al jKimlLix of Venus 
(the jiiuallivx. being gi'cater as th(j distance is Jess). 
Thus, if the sun’s horizontal eijuatoival ptuallax be 
assumtid at ten seconds, luid if it be known that at 
that time the distances of Venus and the sun from 
tlio cai'th are in the proportion of 28 to 100 , then he 
must take the horizontal equatoroal paralhix of Venus 
at tliirty-fivo seconds and five-sevenths. Then, from 
knowing the earth’s form, he computes the horizontal 
parfdlax of each at the place of observation 3 and then 
from knowing the apparent elevation of the sun and 
Venus, he calculates the actual parallax of each at the 
time of ohservation, tliat is, how much each of them 
is apparently depressed by parallax; Venus being 
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nearer than the sun is apparently more depressed 
ithan the sun, and is therefore moved by parallax off 
the sun’s limb if she is lower, or upon the sun’s limb 
if she is higher. From thisihe calculates, by a 
troublesome mathematical process, how much the 
time of Venus’ entering or leaving the limb has been 
either accelerated or retarted by the effect of parallax. 
And this is done for both observations at every 
station. And thus he calculates what will be the 
difference of durations of the transit at different sta¬ 
tions. All this is upon the supposition that the sun’s 
horizontal equatoreal parallax has a certain value, say 
ten seconds. Then he compares the computed diffeiv 
ence of durations with the observed difference of 
durations. K they agree, the sun’s horizontal equa- 
toreal parallax is ten seconds. If not, the true vdue 
will be found by this proportion. As the computed 
difference of durations : is to the observed difference 
of durations: : so is the assumed horizontal equatoreal 
parallax (ten seconds): to the true horizontal equate- 
zeal parallax. In this manner it was found that the 
sun’s horizontal equatoreal parallax, when the earth 
is at its mean distance is eight seconds and six-tenths 
very nearly; and this corresponds to the distance 
which 1 have stated before, of about 95,300,000 miles. 

It was supposed by Dr. Halley, when he gave the 
outline of this method of observation, that the dif¬ 
ference of durations could be determined accurately 
within ^ part of the whole difference, and that, con¬ 
sequently, the sun’s horizontal equatoreal parallax 
could be found within As the whole, and 

therefore that the sun’s distance could be ascertained 
to within As pait. This is a most remarkable degree 
of certainty, considering how great the distance is, 
and that it is measured (so to speak) by one step 
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only from tlie dimensions of the earth, which, if the 
measnpe were conducted in any ordinary way, would, 
he too small a base for so long a measure. 

I said, that the liistance of the moon from the 
earth is 240,000 miles, and that if a railway carriage 
were to travel at the rate of 1000 miles a day, it 
would be eight months in reaching the moon. But 
that is nothing compared with the length of time it 
would occupy a locomotive to reach the sun torn 
the earth; if travelling at the rate of 1000 miles a 
day, it would require 260 years to reach it. 

I will now proceed with explanations of some 
the higher branches of Astronomy, vrhich, though 
difficult, will be found most valuable: first, as in¬ 
stances of very important applications of the principle 
of gravitation; secondly, as showing the nature of 
some of the corrections to observations, which it is 
necessary to understand, in order to see clearly the 
different steps that must be made before we can 
airive at a measure of the distance of the fixed stars. 

1 shall speak first of the Precession of the Equi¬ 
noxes. This is a thing which was known as a fact of 
observation to the ancients. • The person who dis¬ 
covered it was the Greek Astronomer Hipparchus, a 
hundred and fifty years before the Christian era. It 
was first explained by Sir Isaac Hewton, by whom 
the principles of gravitation wore made Imown. I 
will endeavour to convey the explanatioiL^ you; but 
it is a thing not to bo done without much d^culty. 
For this purpose I must, in the first place, recal to 
your minds the laws of gravitation. The fundamental 
law of gravitation is this: that every particle of every 
body attracts every particle of every other body; one 
body does not attract another body as a mass, but 
every body attracts every other body as a collection 
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of separato particles : attracting eveiy particle, inde¬ 



pendently of the others. It is 
essential to hear this in mind. 
The next thing is, that it air 
i tracts every particle with a 
S force which depends upon the 
distance of the attracted par¬ 
ticle from that "body which is 
the cause of attraxition; and 
the nearer that body is, the 
more strongly the i)article is 
pulled hy the attracting body. 
You will see then, that tlie 
sun attracts those parts of the 
earth next to it with a greater 
force than those parts near the 
centre of the earth. At A, 
Figure 4G, the sun^s attniction 
is stronger than at and 
therefore the snn is always 
jttcting upon the part A iieai*est 
to it, as if it Avere i>ulliiig it 
Way from the earth’s ccutruw 
This is not merely Ixjcause the 
whole foixjo which the sun 
exerts upon A is directed 
towards W, because i1‘ the sun 
pulled the centre and the sui*- 
face of the earth equally, it 
would not tend to sej)arate 
them; but it is because it pulls 
^ the part at A more tlian it 
g pulls the central part C, and 
^ thus it tends to pull it away 
&om the centre of the earth 
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towards S. In like manner, if the sun Avore to pull 
the centi’e C of the earth and the part 31 with equal 
force, it would not tend either to push B towanls the 
centre or to draAv it aAvay fi'cun the centre; hut, as it 
pulls the centre more powerfully thau it i)uUs li, it 
does tend to sef)arate them, not hy pulling the oppo¬ 
site sid(*, B from the centm, hut hy pulling the centre 
from the opposite aide 1>. The general effect of the 
sun’s attraction, therefore, as tending to affect the 
different parts of the eaiiih, is this : that it tends to 
imll the nearest parts towards the sun, and to push 
tlie most distant parts from tlie sun. 

If the earth Avere a perfect sphere, this Avould he a 
inatler of no consequence—^it Avoulil produce tides of 
the soil, hut it would not affect the motion of the 
solid parts. But the earth is not a sphere; it is 
flatteiiptl like a turnip, or has the form of which I 
liave S[)okc.n to you umhir the description of a sphe¬ 
roid. !^^ol•(iov(^r, the axis of the earth is not p(*rpcn- 
dicular to the ecliptic; the earth’s equator is inclined 
to the lino joining the earth’s centre Avith the sun at 
all times, excicpting at the oquin(»xes. 

L(}t us noAv consider the position of the earth at 
the Avdnter solstice, represcntc5d in Figure 46. The 
North Pole is distant Irom the sun, the South Polo is 
turned towards the sum Tliis sjdieroidal earth, at 
this time, has its protuherance, not turned exactly 
toAvards the «an, but elevated above it. As I said 
before, the attraction of the sun is pulling the part D 
of the earth more strongly than it pulls the centre. 
What is the tendency of that action % The immediate 
tendency of that action is to bring the port D towards 
a, supposing a to ho in the horizontal circle passing 
through S. In like manner, in consequence of the 
sun attracting the centre of the earth more than it 
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attracts the protaboiancc E, which amounts to the 
same thing as pushing the protuberance E away from 
the sun, there is a tendency to bring E towards h. 
It is very important that you should see this clearly: 
that if 1 were standing in the place S where the sun 
is, and if I had a line fastened by a hook to the place 
D, and if 1 pulled it, I should tend to bring that part 
towards a. The immediate tendency of this puU, 
therefore is, so to change the position of the earth 
that its axis will become more nearly perpendicular 
to the plane of the ecliptic. You might sup])oso then, 
that the effect of that pulling will be to change the 
inclination of the earth’s axis to the line which con¬ 
nects the earth and sun. Ko such thing; the effect 
is entirely modified by .the rotation of the earth. 
Undoubtedly, if the earth were not revolving, and if 
the earth were of a spheroidal shape, the attraction of 
the sun would tend to pull it into such a position 
tliat the axis of the earth would become perpendicular 
to the line SC; or (if in the position of the winter 
solstice) it would become perpendicular to the plane 
of the ecliptic; but, in consequence of the rotation of 
the earth, the attraction produces a perfectly different 
effect. Let us consider the motion of a mountain in 
the earth’s protuberance, which, passing through the 
point c on the distant side of the ealrth, would, in the 
semi-revolution of half a day, describe the arc e D e, 
if the sun did not act on it, (c and e being the points 
at which this circle c D e intersects the plane of the 
ecliptic, or the plane of the circle a h that passes 
through the sun). While the protuberant mountain 
is describing the path c D e it is constantly nearer to 
the sun thm the earth’s centre is; the difference of 
the sun’s actions therefore tends to pull that mountain 
towards S, and therefore, (as it cannot be separated 
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from tlie eartli,) to pull it downwards, giving to tho 
earth such a tilting movement as I have already 
spoken of; it will therefore, through the mountain’s 
whole coui'se, from c, make it describe a lower curve 
than it would otherwise have described, and will 
make it describe the curve cfg instead of the curve 
c 1) c. Wliiit will the result of tliat be? As it mounts 
from c to /, the sun’s downward piQl draws it towards 
the ecliptic, and consequently, renders its path less 
steep than it would otherwise be. At / it will be a 
very little lower than it would otherwise have been 
at D; but as the^sun’s downward pull still acts upon 
it till it comes to g, the steepness of its path between 
/ and g is increased more than belongs naturally to 
ib’ elevation at /, and becomes in fact the same as it 
was at c, or very nearly so; so that the inclination of 
the path to the plane of t^ circle a 6 is tho same as 
at first. But, instead of crossing the circle a & at s, it 
will cross at g\ in other words, it wiU, in consequence 
of the sun’s action, come to the crossing place earlier 
than it would have come had the sun not acted. 
Now, consider what will be the motion of this pro¬ 
tuberant mountain in tho remaining half of its 
rotation, from g towards c again. In this part of its 
rotation, it is Wther from the sun than the earth’s 
centre is; therefore the sun’s action does in fact tend 
to push it away (as I have already explained); and 
as it cannot be separated from tho earth, this force 
tends to push the mountain upwards towards the circle 
tilting the earth in the same direction as before; the 
mountain therefore, in this part, will move in a path 
higher than it would have moved in if not suffeiing 
the sun’s action, and therefore it will come to its in¬ 
tersection with the circle a h sooner than it would if 
not subject to the sun’s actioiL The inclination of 

N 2 
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its path (just as in the fonner half of its rotation) will 
not he Edtered. Thus the effect produced hy this 
action of the sun, in both halves of the rotation of 
this niountain, is, that it comes to the place of inter¬ 
section 'with the plane of the circle a 6, or with'^the 
plane of the ecliptic, sooner than it otherwise would. 
And whatever number of points or mountains in the 
protuberant part of the cai'th we consider, we shall 
find the ssime effect for every one ; and tlie:^eforo, the 
effect of tli(j sun*s action upon the entire protuberance, 
vrill be tlie same; that is, its inclination to the circle 
a h or the plane of the ecliptic will not be altered, 
but the places in which it crosses that plane will be 
perpetually altering, in such a direction as to meet the 
direction of rotation of the earth. 

I have spoken of this as if the j)Totiibcranc*e were 
the only j)art to be considered. But in reality, tins 
protuberance is lattached to the remaining si)herical 
part of the earth; and the action of the sun on the 
different masses of that spherical part balances ex*actly; 
so that, as regards it, we need not consid(',r the sun’s 
action at alL The effect therefore of that spherical 
part win be, to impede the motion wliich the pro¬ 
tuberant pari would otherwise have j not to destroy 
it, but to dimim'sh it. 

On the whole, therefore, the effect of the sun’s 
action on the spheioidal earth will be, that the points 
at which the earth’s equator intersects the plane of 
the ecliptic move very slowly in the direction opposite 
to that in which the earth revolves \ but the inclina¬ 
tion is not altered. 

All that 1 have said here applies to the position of 
tlio earth at the winter solstice. But if we consider 
the earth at the summer solstice, as in Figure 47, we 
shall find that the effect of the sun’s action is exactly 
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the same. The sun’s greater attraction upon any part 
of the protuberance when nearest to the snn, at which 
time that jiait is, in the case of Figure 47, below the 
ecliptic, tends to raise it towards the phine of the 
ecliptic, and tlicreforo it cuts the ecliptic sooner than 
otherwise it would, JVnd the sun’s smaller attraction 
Tipon it when furthest from the sun, producing the 
tjfleet of a pushing forcio upon it when above the 
<»cliptic, tends to make it descend to cut the })lane of 
the ecliptic s<»oner than it other^viso would, iind tliere- 
Ibro, in hotli halves of the diumiil rotation (as at the 
winter solstice) the place of intersection of the earth’s 
e(]uator witli the ecliptic will move in the direction 
•■p])osite to the earth’s rotation. " 

At the etjuinoxes, the plane of the earth’s equator 
passes through the sun, and then the sun’s action 
does not tend to tilt the earth at all, and consequently 
does not t(,'nd to alter the position of its iHjuator at 
all; hut at all other times tlic sun’s action jiroduci'S a 
motion, greater or less, of the intersection of the earth’s 
equator with the jilane of the ecliptic, iu a direction 
opposite to tlie direction of the eartli’s rotation. And 
this is the motion called the Precession of the Equi- 
noxos. 

It is to b(j observed, that the principal part of pre¬ 
cession is not pnjducod by tlio sun, but by the iuooil 
The moon’s mass is not a twenty-millionth ptirt of the 
sun’s \ but sbe is four hundred times as near as the 
sun. Still she does not pull the earth, as a mass, 
with more than a hundred-and-twontieth part of the 
sun’s force. But, because the difiPerence of the dis¬ 
tances of the different parts of the earth from tlio 
moon bears a greater proportion to the whole distance 
than for the sun, the differential effect of the moon in 
pulling the near parts of the earth from the earth’s 



182 


FOPuiAn ASTROiromr, 


centre, and in pnsLing the distant parts of the earth 
from the earth’s centre, is about treble the effect of 
the sun. And as the precession depends entirely 
on this differential effect, the precession produced by 
the moon is about treble that produced by the sun. 

It will be well for you here to consider the con¬ 
sequences of tliis precession on the position of the 
earth’s axis. In Figure 48, after a certain number 

la 



FlO. 48. 


of days or years, the position of the earth’s equator 
has changed from efhtogkly its inclination to the 
circle a h in the pl^e of the ecliptic remaining the 
same as before. The earth’s axis of revolution must 
be always perpendicular to the plane of the eartli’s 
equator. From this it will be seen that the earth’s 
axis has changed its position irom such a direction as 
CP to such a direction as Cp. K we draw a line CQ 
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peipenclicular to tlio plane of the ecliptic, the inclina¬ 
tion of the earth’s axis to CQ will be the same as the 
inclination of the earth’s equator to the ecliptic; and 
that, Jis wo liavo already seen, undergoes no aHeration. 
Consequently, the inclination of CP or Cp to CQ is 
always tlie same. Therefore, wo may represent the 
motion of the earth’s axis by saying tJiat it turns 
slowly round an axis perpcmdicuhir to tlie ecliptic, 
but Ivecping the same general inclination to it, in the 
direction in which tlie hands of a watch turn, (as 
viewed on the outside of a celestial glohe,) or in what 
asti-onoiucrs call a retrograde direction. iNow, the 
Pole of the heavens is the point in the heavens to 
whicli the caith’s axis is directed, and therefore that 
Pole is not absolutely invariable, but turns slowly in 
a circle in a retrograile diinction (or in the same direc¬ 
tion as the hands of a watch, as viewed fi'om the out¬ 
side of a celestial globe) rouml finother point to wliieh 
tlie line CQ is directed. Tho latter point is called the 
Pole of the ecliptic. 

This motion of the cartli’s axis admits of a most 
remarkable illustration in the motion of a spinning 
top j and tlie more mnun'kahlo because the force.-t 
which act in that case are of an opjiosite character to 
the forces wliich act on the earth, and the effect wliich 
tliey produce is of an opposite character to the effect 
prod ucod on the earth. The earth’s axis being inclined 
to the line CQ, in Pigures 46, 47, and 48, we have 
seen that tho irnmndiate tendency of tho sun’s force 
upon tho earth is in all cases to bring the earth’s axis 
CP nearer to CQ, and tlmt if the earth had no motion 
of rotation, this force would bring the earth’s axis CP 
nearer to CQ; hut that, in consequence of the earth 
having a motion of rotation, the effect really produced 
is, that the earth’s axis CP revolves slowly rmnd CQ 
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in tlie direction oiypodte to the direction of rotation. 
Now, in Figure 49, lot CP he the axis of a spinning 



top, CQ the vertical line; the immediate tendency of 
the force of gravity is to bring the axis C3^ fmiher 
from CQ (or to inalco the top fall) ; and if tluj top 
were not spinning, it would make CP recode fmiher 
from CQ ; hut it will he found that, in consequence 
of its spinning, the inclination of CP to CQ does not 
sensihly alter (till the spiuiiing motion is nitarded hy 
friction), hut CP revolves slowly round CQ in the same 
direction as the direction of rotation. So that if 
Figure 50 represent a view of the top fiem above, if 
the top ho S 2 mn in the direction marked hy the arrow, 
its axis will rtel in the direction PKS. lliis, as I 
have said, is strictly analagous to the precessional 
motion of the earth, although, from the wimediate 
tendency of the forces being hf an opposite kind, the 
ultimate effect is of an opposite kind. 

The following astronomical effects of this precession 
deserve attention. 

First, the celestial equator, which, as I said in a 
foimer lecture, is the great circle in the heavens which 
at every point is 90 degrees from the Pole, is in fact 
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in the same plane as the equator of the earth, whose 
axis (p(*ipenclicular to its equator, or making ah angle 
of 90 tlogrocs with every part of the ec^uator) is directed 
to the Pole. Therefore, as the earth’s equator changes 
its intersections with the plane of the ecliptic, the 
celestial equator also changes its plane and changes 
its ijitei'se(;tions with the ecliptic. These intersections, 
as 1 mentioned, are called the first point of Aries and 
the first point of Libra : and one of the co-ordinates 
by which the place of a star or other body is defined, 
t(^chui(;ally called the Eight Ascension, is the interval 
of time betwoirn the passage of the first point of Aries 
over the meridian, and the passage of the star or other 
object (jver the meridian. But as this first point of 
Alios toivels to the right, it passes the meridian every 
successive year earlier (with rcsi>ect to the stars) than 
it would have done if it had been stationaiy; and 
therefore, the right ascensions of stars (for the most 
part) increase a little every successive year. 

Siicondly, as the place of the (Celestial Polo changes 
from year to year, the !North Polar distances of the 
stars change fiom year to year; some of them increuso 
and some diminish. 

The annual amount of precession, although a for¬ 
midable <piantity in delicate astronomical observations, 
is a very small quantity for ordinary observers. The 
annual motion of the fu'st .point of Aries is about fifty 
seconds in a year : it will require about 26,000 years 
to perform the entire revolution. Tlie cliange in the 
distance of a star from the ^North Pole docs not in any 
case amount to twenty-one seconds in a year.. But 
these ai'e quantities so large that we must he perfectly 
acquaintecf with their laws and magnitudes when we 
treat of small changes in the places of stars not exceed¬ 
ing one or two seconds. 
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T^le next tiling which I have to mention, as one of 
the calculations which must bo applied to observations 
in order to obtain an accurate result fram them, is the 
nutation of the eaith’s axis. The nutation of tlie 
earth’s axis may bo described as arising in this way. 
I have exphiined that the action of the sun will pro¬ 
duce a motion in the earth’s equator and in th(j posi¬ 
tion of the earth’s axis, principally at and near to the 
times of the winter solstice and the summer solstice, 
when eitlier the Nortli Pole or the South Pole of the 
earth is turned towards the sun. It uiiitters not 
whether the North or South Pole is turned towanla 
the sun, for the tendency is to produce ecpial motion 
of the axis, and in the same direction, in both cd6(.>s. 
But at the time of the equinoxes, when neither Pole 
is turned towards the sun, the sun’s attraction has no 
tendency lo jipoduco precession. From this you may 
easily see t^ at the precession of the ccpiinoxos goes on 
more rapidly in summer and in winter tlian in the in¬ 
termediate months; there is therefoi’e a certain iiTOgu- 
larity in the jneccssion, and tliis irregularity is one 
part of the solar nutation. ITie other part arises from 
the circumstance that the inclination of the caitli's 
axis to the ecliptic, though unaltered art. the wliole^ yi‘t 
suffers sliglit changes from one instant to another; as 
clearly appears from the foregoing explanation. 

1 stated also that tlie moon produces a considerable 
part of the precession. There is a very small irregu¬ 
larity of precession produced by the moon in different 
paHs of her monthly revolution, s imila r to that })ro- 
ducod by the sun in different parts of his apparent 
yearly revolution. But the piincij>al irregularity aiiscs 
in this manner. The moon does not move in the 
plane of the ecliptic, hut in an orbit inclined to the 
plane of the ecliptic; and this orbit (from an effect 
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of the sun’s attraction, exactly similar to the motion 
of the earth’s equator produced by the sun’s attraction) 
moves so as to change the place of its intersection 
\dth tlie ecli])tic, performing a complete revolution in 
19 years. Therefore, during nearly half of this time, 
the moon’s orbit is inclined to the ecliptic, in the some 
way iis th(j earth’s equator, (but not so much,) as at 
m 7iy TiguTo 51 ; and therefore the moon’s path is 
little inclined to the earth’s equator. 

And during iKjarly the other half of 
the time, the moon’s orbit is inclined 
to tlio eclii)iii*. in the way opposite 
to the earth’s equator, as at j(? 

Figure 51, and the moon’s path is 
muck inclined to the earth’s equator. 

In the former state, the moon’s force 
to tilt the earth is small, and the 
precession goes on sloAvly; in tlie 
latter, the moon’s force to tilt tlie g 
eai'th is great, and the precession ^ 
goes on rapidly. The consequence 
of this is, that there is a veiy sen¬ 
sible incgularity in the motion of 
the earth’s axis every 19 years, and 
the place of the Pole is irregularly 
shifted in <litierent ways through 
more tlum 18 seconds. Tliis is lunar 
nutation. As the right ascensions 
and North Polar distances of all 
stars and other objects am affected 
by this irregular disturbance of the 
Pole, it is necessary to take it into account in com¬ 
paring observations made at one time with observa^ 
tions made at another time* 

These corrections, then, (precession and nutation,) 
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are two of the irregularities of which it-is necessary to 
take account in obtaining accurate results from obser¬ 
vations ; but there is a third; which is greater in its 
magnitude tlian nutation, and totally different in its 
nature. It^ is the aberration of light. It was long 
ago made out that vision is produced by something 
coming from the object to the eye, and that this some¬ 
thing comes from the object to the eye with a definite 
velocity, l^ow, in consequence of this light coming 
from the object to the eye with a definite velocity ; 
and in consequence of the earth’s moving with a 
definite velocity; hy the combination of tlieso two 
things, thoro is produced a dis^bance in tlie visildc 
place of every object not Connected with the earth 
which W'o look at. Perhapa^One of the simplest ways 
of giving an idea of the effect of this combination, in 
relation to the aberration of light, will be to i*(*f<T you 
to the chance experiment wliich suggested the thcjory 
of aberration to one of my predecessors (1 )r. Bradley), 
by whom in fact the aherration of light was discovered 
Jind reduced to law. He says, ho was being rowed on 
the Tliames, in a boat which had a small mast with a 
vane at the top. At one time the boat was stationary, 
and he observed, by the position of the vane, the di¬ 
rection in which the wind was Mowing. ITie men 
commenced pulling with their oars, and he, obser\'ed 
that, at the very time they commenced pulling, the 
vane changed its position. He asked the watermen 
what made the vane cliange its position ? The men 
said they had often observed the same thing before, 
hut did not pretend to explain the cause. Dr. Bradley 
reflected upon it, and was led hy it to the tluiory of 
aberration of light. I may here offer a slight illustra¬ 
tion of it, which every person may observe if he walks 
out in a rainy day. If you can choose a day when 
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the drops arc largo, then if you stand still for a mo¬ 
ment, and observe the direction in which tlie drops 
are faUing, when there is little or no wind, yon will 
see that the drops fall vertically downwards; hut if 
you walk ft)rward, you will see the drops fall as if 
they were mooting you; and if you walk backward, 
you will iniiucdiutoly observe the drops of rain Mling 
as if they wcro coming from behind you. Tliis is an 
accurate illustration of the principle of the aberration 
of light. I w’ill now offer anothcor. In Figure 52, let 
A bo a gun in a battery, from 
which a shot is liiud at a ship 
DE tliat is passing. Let 
ABC bo the course of the 
shot. The shot enters the 
shij/s side at B, and passes 
out at the other side at C. 

But in the meantime the ship 
has movred from the i)osition 
DE to the position d e, and 
tlie paii} B where tlie shot 
entered has been carried to 
h, ^^)w, if the ship were a sentient and reflecting 
being, when it perceived that the path which the shot 
made tlirough it, entering at b and going out at C, 
was in the inclined direction h C, it would say, “The 
shot came from somewhere ahea(L” You will see in 
this, the effect of the combination of the movements; 
that the shot a 2 )pear 8 to have come fr’om a part frirther 
ahead than it would have seemed to come from if the 
ship hod been at rest And you will also see that the 
inclination of the apparent direction of the shot 6 C 
to the true direction BC depends on the proportion of 
& B to BC, that is, on the propiortion of the velocity 
of the ship to the velocity of shot The greater 
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is the velocity of the shot, the smaller 'will he the 
space h'B described by the ship while the shot is 
passing across her, and therefore the smaller will be 
the angle h CB between the apparent direction of the 
shot and its real direction. * 

The some thing happens with regard to the effect 
of the motion of the earth on the apparent path of 
light, and it ‘will produce an apparent change in the 
places of the stars. And if we find that there is such 
an apparent change, it 'wiU be a certain proof that the 
earth is in motion; but if we find the change to be 
small, it will prove that the velocity of light is much 
greater than that of the oartL 
j Now I will point out to you the visible effect of 
: the aberration of Ught upon the place of a star. The 
immediate interpretation of the consideration which I 
have mentioned is this. In whatever direction the 
earth is mo'ving, the apparent position of an^ star 
which we are looking at, is displ^ed in the direction 
towards which the earth is moving. In Figure 53, 
let C be the sun, E',E",E'",E"", the earth in four 
successive positions of its orbit (viewed in per- 
jspective), its motion at each place being in the dimc- 
;tion of the arrow drawn there; S the true place 
I of a star. Then, in consequence of the aberration, 
when the earth is at E', as its motion is in the direc¬ 
tion of the arrow drawn from E', the light coming 
from the star wiU enter the eye of a spectator or the 
tube of a telescope, not as if it came from S, but as if 
it came from s', the line Ss' being parallel to the arrow 
at E'; and therefore the observer, when the earth is 
at E', does not see the star at S but at s\ In like 
manner^ when the earth is at E^ he sees the star at 
when at E'" he sees the star at s'"; and when at E"" 
he sees the star at a"". Thus you will see that, in 
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eveiy position of the earth, the starts place is affectod 
by the aberration of light; and from this cause every 




star apparently describes a small circle every year 
parsdld to the earth's orbit. It is a minute circle; its 
angular diameter, as seen without any foivahortcning, 
is found to bo about forty seconds. This quantity is, 
however, so serious that it cannot be omitted in the 
computation of any observation whatever. 

From the measure of the apparent semi-diameter of 
the small circle described by the star, corresponding to 
the angle BC& in Figure 52, we are able to compute 
the proportion of the earth's velocity to the velocity of 
light; and we find that the velocity of light is about 
10,000 times as great as the earth's velocity in its 
orbit, or about 200,000 miles in a second. In other 
words, light travels a distance equal to eight times the 
circui^erence of the earth between two beats of a 
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clock. This is a prodigious velocity, hut the measure 
of it is very certain. 

These'three quantities, (precession, nutation, and 
aberration,) are the corrections to a star’s ap])aK‘nt 
place, wliich it is necessary for us to take into account 
in every ohservation of a #tar, at whatever part of the 
earth it is observed; and besides these, it is necessaiy 
at every plai e to apply the proper correction for i-e- 
fraction, wliich may be difteront at every diilercnt 
place of obscivation. Having obtained these elements 
of cjJculation, wo can proceed at once with the 
measuiv. of the distance of the fixed stars. 

In Figure 64, let be four positions of 



fig. 64. 

the earth in its orbit (seen in perspective), P a place 
of observation, S a star, (the earth being in such a 



LEOTmE r. 


193 


part of its rotation that the meridian of P passes 
tlii'OiLgh the star); also let S' be another star in the 
plane of the earth’s orbit, and in the direction cor¬ 
responding nearly to the earth’s solstitial position. 
And supi>oso (in conformity with the assertion that 
wo have made aU along, but wliich we shall now sub¬ 
ject to the severest j)roof) that the earth’s axis remains 
stri(jtly ])arallcl to dtself in its motion round the ann, 
with no other motion than those which wo liave 
described as produced by precession and nutation. 
And suppose that with a mural circle at P we obsen^e 
the zenith-distances of tlie stars IS and S' when they 
jjass the meridian of P, and ajiply the proper correc¬ 
tions for ixifiuctioii; and then, by applying corrections 
for the elleots of aberration, we hnd the place in 
which the star would have heou seen, if unalfected 
by the eartli’s velocity: and hy applying corrections 
for procession and nutation, we hnd the zenith- 
distances whicli the. shirs 'would have had if the ])osi- 
tion of the cartli’s axis ha<l not been affected by 
precession and nutation. Now, if our assumption 
(that the earth’s axis has no motion hut those dc])cnd- 
ing on jiixjcession and nutation) be correct, the result 
of the ubseiwation of the star S',* whatever be its dis¬ 
tance, ■will be, that its coixectod zenith-distance when 
observed on the meridian will he tlie same whether 
the earth ho at E', E'', E'", or E'"'. This is foimd to 
be stiictly in agreement with the results deduced from 
actual observation, so that it is certain tliat the earth’s 
axis has no motion hut those depending on precession 
and nutation. Moreover, for the vast majority of 
stars in all parts of the heavens, when the same cor¬ 
rections are applied, the corrected meridional zenith- 
distances are found to be tlie same whatever he the 
position of the earth in its orbit ; and proves, 

0 
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both that the earth^s axis has no motion except those 
of precession and nutation, and that the stars are at 
an inconceivable distance. 

But there may be other stars, as S, whose distance 
we have some reason for conjecturing to bo not so 
enormously groat K'ow, the. only way in which we 
can measure its distance is one strictly analogous to 
that used for measuring the distance of the moon; 
with this difference, that we cannot observe from two 
places at once. On account of the immense distance 
of the stars, it would be necessary to observe the 
place of the star from two positions, as far distant as 
the breadth of the earth’s orbit; but we cannot do 
that. We can, however, observe the position of the 
star from the earth when the earth is in two jiositions, 
as E' and E'", on opposite sides of the earth’s orbit; 
that is, at times half a year apart. 

I have used, as an elucidation of parallax, the effect 
of the two eyes in the head. If you have your head 
in any fixed position, and you shut one eye, you 
cannot determine accurately the distance of an object; 
but if you open both eyes, the distance is scon imme¬ 
diately. But with one eye, a person can judge of 
distance very well, if he moves his head. In like 
manner, one observer on the eaith can observe the 
distance of a star, provided he takes advantage of the 
change of places at different times; that is, provided 
he allows his eye to be moved round for him by the 
revolution of the earth round the sun; it is, however, 
necessary for us to be fully possessed of every element 
for correction of the star’s place, so as to clear it of 
every source of change,-except the difference of ai>- 
parent place depending on the star’s distance and the 
earth’s place in its orbit. This is the reason why I 
have def^p^d the mention of this measure untd I had 
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mentioncfl tho subjects of precession, nutation, and 
aberration. The stars* places most sensibly change 
from circumstances unconnected with the panilhix. 
We must know these accurately beforehand; and 
knowing these accurately beforehand, wo proceed as 
follows. ^ 

We observe the star with the mural circle while 
the earth is in the position E'. We apply the cor¬ 
rections for precession, nutation, aberration, and 
refraction; and wo shall know wliat the corrected 
position of that star should be half a year hence, as 
observed when the earth is at E"'. How, suppose 
we go to this second state of things, and when the 
earth is- at E'", we observe the meridional zenith- 
distnuce of the star, we coirect it for refraction, pre¬ 
cession, nutation, and aberration. Now, do these 
two con'ectcd zenith-distances agree 1 Are the stars 
(after aU those corrections are applied) seen exactly 
in the same direction when the earth is at E' and 
when it is at E"'? All calculations for those acci¬ 
dental causes of disturbance being effected, the result 
is this. For the vast majority of stars we do not 
discover any sensible difference; the diflerence is, at 
any rate, exceedingly small; the stars are so far off 
that, for the vast majority of them, we can see no 
difference in the directions of the line E'S and the 
lino E'"'S. There are some stars, however, that are 
not at so groat a distance, so that the inclination of 
these lines to each other can be ascertained; but the 
angle is exceedingly small, and is measured with 
much difficulty. In the southern hemisphere, there 
is the bright star of the Centaur, (Alpha Centauri,) 
for which it would seem that the inclination of the 
two lin(?s from the opposite sides of the earth’s orbit 
to the star, is an angle of two seconds and no more. 

o 2 
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An angle of two seconds is that in which a circle of 
an inch in diameter would he seen at the distance of 
a mile. This is the star which shows the gi'eatest 
pai*allax of all. The parallax of the bright si&r of 
Lyra is not more than a quarter of a second. Struve, 
at the Observatory of St. Petersburgh, has deduced, 
as he thinks, from observations, that for etui’s of the 
second magnitude the general average of parallax 
is ^ of a second. This is so small an angle that it is 
almost inqiossible to answer for it. Supposing, how¬ 
ever, that it is ^ of a second, then the distance of the 
star from the sun is two million times as gi eat as the 
distance of the earth from the sun. It seems ahnost 
inconceivable tliat wo should be able to measure, even 
in a rough way, a distance so great. 

I -will only mention one more thing. Thei’e is one 
correction ux)on which 1 said there was a little douht, 
and that is tliat troublesome tlung, refraction. It is 
one of those things which tlirows a douht upon every 
observation of a delicate kind, liefraction enters 
here, because we must necessarily observe the zenith- 
distance of the star; and in comj)aring observations 
of zenith-distance at opposite times of the year, there 
is this unfortunate circumstance; the same star which 
is observed on the meridian in the day-time at winter 
will he seen on the meridian at night in the summer; 
or the star which is observed in the night in the 
winter will bo observed in the day-time in the 
summer, when the state of the air is very different; 
so that the amount of le&action at the two ohservar 
tions will be very different, and we cannot determine 
the correction to the zenith-distance accurately, so as 
to answer for ^ of a second between the observations. 
Under these circumstances, this determination of a 
diftbrenco between the observations at E' and 
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amounting to only of a second, is more than I can 
undertake to answer for. In conseejuenro of tliat 
uncertainty, another method has been introduced, 
atimittiiig of fir greater accuracy; it is by comparing 
two stars whose declinations are nearly the same. 
And here we fall upon another method, veiy similar 
U) that which is used for raeasiuing the distance of 
the moon. 8ui)i)oao we have two stars S and and 
suppose that the star S*' is at such an immeasurable 
distance that wo cannot see in it any change of posi¬ 
tion. J>nt suppose that I think it possible that the 
star S has a sensihlo parallax, these two stars being 
seen in neaiiy the same direction. 1 have already 
mcntioneil that we have obtained the parallax of the 
iniwn Avith the grefitost accuracy, hy comparing it 
with a fixed star, Avhich is seen nearly in the samij 
direction. We got rid of the nnccrtainty of refraction 
in this ease, as the moon and the star are seen near 
to each other, and are therefore affeeded with almost 
exactly the same n^frartion. In like manner, if avc 
compare a near star with a disbint star, seen nearly in 
the sanuj direction, we got rid of tlie uncc'riainty of 
Tefi*action; and we also get rid of precession, nutation, 
an»i aberration; because they produce sensibly the 
same effect on both stars. Kow, if I supposi^ S to be 
near, and 8^ to bo at such an enornions distance that 
it will have no sensible parallax; then Avhon the 
earth revolves round the sun, I have only at E' to 
observe the angle S^E'S bedween the tAvo stars, and 
then in another position E'" to obsen’^e the angle 
S"E'"8 betAveen the two stars; and, because E'S" is 
sensibly jiarallel to E'"S", the difference betAVoen these 
two inoasnred angles is the angle E'BE'". 

This is the method which the celebrated Bessel, of 
KSuigsbeig, used for determining the distance of the 
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small star, known by the name of Ko. 61 in the con¬ 
stellation Cygnus. He found that the change in the 
place of that star, as viewed from E' or from E"', 
produced by parallax, is about £ of a second; and 
this corresponds to a distance of 660,000 times the 
radius of the earth’s orbit, or 63,000,000,000,000 
miles. Enormous as this distance is, 1 state it as my 
deliberate o])imon, founded upon a careful examina¬ 
tion of the whole of the process of observation and 
calculation, that it is ascertained with what may be 
called in such a problem considerable accuracy. 

The distance of the stars of the second magnitude, 
founded upon Struve’s conclusions to which I have 
alrefidy alluded, is not far from two millions of times 
as gR'.at as the distance of the sun from the earth. 
In tliis detennination 1 liave much less confidence. 
The distance of Alpha Centauri, if reliance may be 
placed on the observation, is only two Iniiidred thou¬ 
sand times as great as the distimeo of the sun from 
the eartL 
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BGcapitulatioD of Lecture Y.—Yclocitj of Light deduced by 
lidmcr from ohseiYations of the Edipses of Jupiter's SatcL 
lites.—Proper motion of Stars.—Motion of Solar System in 
space.—Theory of Grayitation.—Methods of computing At¬ 
traction.—Perturbations of the Moon.—Mutual Perturbations 
of the Planets.—Long Inequality of Jupiter and Saturn.— 
Calculation of Figure of the £arai from Pendulum Experi¬ 
ments.—E.\perimcnta on the Density of the Earth.—Sche- 
hallicn Experiment.—Cavendish Experiment.—^Weight of 
the Earth.—^Weight and Density of the Sun.—Weight of 
some Planets and of the Moon.—Conclusion. 

I N the Iccturc of yesterday evening, the first subject 
to which 1 alluded was the Precession of the E(][id- 
noxes, in reference to its mechanical canscs. This is 
a thing so important, partly in itself and partly in 
connection with tlie causes wLicli prcxluce it, that I 
Iiavc no hesitation in speaking of it again. The tiling 
which 1 particularly intended to convey to you was 
tliis: that if we consider the attraction of the sun 
upon the earth, and if wo consider that the earth is 
not a sphere, but has a flattened tuniip-like shape 
which we call an oblate spheroid; if wo also remark 
the laws which apply to gravitation, namely, that the 
force wliich the sun exerts is greater the nearer the 
body is to it, and tliat the law of gravitation is to be 
understood as applying to every particle, not to the 
body as a moss; that it attracts the earth not as a 
whole, but as a number of parts separately; if we 
mark these things, we find that the sun attracts that 
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swelling part of tlio eartli wMcli is nearest to it more 
powerfully than it attracts the central part of the 
earth; and that it attracts the centi’e of the earth 
more powerfully than the parts further off The sun, 
therefore, is endeavouring to pull, as it were, the 
nearest part of the earth from the centre towards the 
sun; and it is endeavouring to pull the centre from 
the distant parts towards the sun, which is the same 
as saying that it is pushing tliis distant part from tho 
sun. ifow, if the earth were a complete sphere, tho 
pulling at any part above tho ecliptic would not 
disturb its motion; because there would he a comv 
spending pull on the corresponding part below the 
ecliptic; but, inasmuch as the earth is not a complete 
sphere, hut has tliis flattened, tumip-liko shajxi, pro¬ 
tuberant at the middle; at the time of the solstice 
this protuberant part in the direction of the sun being 
above tho ecliptic, then tho extraordinary pull which 
tho sun makes on that place is not balanced by a 
con’esponding puU at the part below the ecliptic, 
because there is no protuberant part there on which 
tlie sun can act; and tho action of the sun on that 
part which is above the i)lano of the ech'ptic tends to 
pull it down towards that plane. 

I remarked tliat the first cfiect of this would seem 
to he, to change the inclination of the axis on which 
the earth revolves, and to bring that axis more nearly 
poriiendicular to the ecliptic. And that would he the 
effect, if the earth were not revolving on its axis; hut 
in consequence of the revolution of the earth round 
its axis, a totally different effect is produced. I illus¬ 
trated that by calling your attention to the motion of 
a single point, as for instance, a mountain at the 
earth’s equator. While that mountain is near the 
BuiL and above the ecliptic, the force of which I have 
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epokon tends to pull it doumwards. And as the 
rotation goes on, the forces still tend to pull it down¬ 
wards aiid downwards, until at last it comes to meet 
the jdanc of the ecliptic at a point sooner than it 
otherwise would. This takes place with regard to 
the attraction of the sun on every part of tliis pro¬ 
tuberance. The tendency of this force is to bring 
every paii wliich liap])ens to be above tlie ecliptic 
lower and lower towards the ecliptic; and to make 
its path intersect the circle ach, Figure 48, sooner 
tlian it otherwise would. It amounts to this, that at 
the earth’s ecj[uator the motion r)f each p(unt is aflbcted 
by such force's, that it tends constantly to come to its 
intersection with the plane of the ecliptic sooner than 
it otherwise would; or, to speaJe in other words, that 
intersection travels backwards to meet the rotatory 
motion of the eartli. The same thing (as 1 fully ex¬ 
plained) will happen if we consider the action of th(5 
sun on the distant parts of the earth, wliieh I I'epre- 
sented as being equivalent to a i}iishing force. 

I then mentioned to you that the moon produces a 
larger part of precession than the sun does, rdthough 
the moon is so very much smiiUor than the sun, 
(only sun). She is, however, 400 

times nearer than the sun; and this makes her whole 
attraction, in proportion to her mass, 160,000 times 
as great as the sun’s; still her whole attiaction is 
only J j of that of the sun. But the iDi])oi tant thing 
to ho remarked in the explanation above given is, 
that precession is not produced by the whole attraction 
of the sun or moon upon the earth, but hy the differ^ 
dice between the attractions which they exert upc^ 
the earth’s centre and upon the earth’s nearest surfac^^j. 
For the moon, the proportion of the distance of 
parts is nearly as 60 to 59, and then the differex^ of 
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the attractions is about ^ of tbo wliole attraction of 
the moon. But, for the sun, the proportion of dis¬ 
tant is nearly as 24,000 to 23,999, and then the 
difPeitance of the attractions is about of the whole 
attiacl£im of the sun. The consequence is, tiiat that 
difference of attractions of the moon is actually three 
times as great as that of the sun, and the precession 
produced by the moon is three times as great as that 
produced by the sun. 

This is the mechanical explanation of the precession 
of the equinoxes. It was discovered as a fact by Hix> 
parchus, a Greek Astronomer, one hundred and fifty 
years before the Cliristian era; it has been recognized 
ever since by aU astronomers, and is now known with 
very great accuracy; and, in all probability, when Sir 
Isaac hJewton first applied the theory of gravitation 
to the explanation of the movements of the solar 
system, the explanation of this discovery of Hippar¬ 
chus’ was one that stmek liis mind, and that of his 
contemporaries, more than any other. 

The next subject wliich I pointed out as an import 
taut one in connection with observations, was nuta¬ 
tion, and 1 described it in this way: that nutation is 
a want of uniformity in precession. For the expla¬ 
nation of precession, 1 had taken the position of the 
earth at one of tlie solsticea At this time the earth’s 
equator is much inclined to the line connecting the 
sun with the earth’s centre, and the precession of the 
equinoxes is going on very rapidly. But if the earth 
were in the equinoxial position, then the sun would 
shine equally on the ITorth and South Poles, and the 
r^tuborance of the earth would be directed exactly 
ib the ^on; and the action of the sun upon that pro¬ 
tuberance would not tend to change the position of 
the globe. From these causes it will be seen that 
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precession is not nnifonn. But in our calculations 
for the application of a correction to the places of the 
stars, as dependent on precession, it is convenient to 
begin in the first place by using a precession increasing 
umfornily with the time, j^d therefore, inasmuch 
as precession does not increase uniformly with the 
time, we are obliged to apply a correction to the pro¬ 
cession computcMl as unifomily increasing, in order to 
take into account the inequality (both in the place of 
intersection of the equator with the ecliptic, and in 
the inclination of the equator to the ecliptic) with 
which precession goes on at different times ; and that 
correction is the qmmtity called solar nutation. 

There, is, however, a much more important W'ant of 
unifoi'mii 3 »^ called lunar nutation, which I described 
in this way. The precession produced by the moon 
depends on the inclination of the moon’s orbit to the 
eailh’s equator; and this inclination is not \miform. 
For the moon revolves in an orbit inclincKl to the 
ecliptic; and the sun attracts the earth and the moon, 
juid disturbs the motion of the moon with regard to 
the earth wdien ho acts unequally on the two, nearly 
in the same way as the sun distuibs tlio motion of the 
supposed mountain at the earth’s equator; and the 
effect produced is similai*, namely, that the intersec¬ 
tion of the moon’s orbit with the ecliptic travels back¬ 
wards ; and thus, at periods nearly ton years apart, 
it is alternately more inclined and less inclined to the 
earth’s equator. And thus, for nearly ten years the 
precession is going on too fast, and for an equal period 
it is going on too slowly; and thus a considerable 
inequality is produced in the motiou of the intersec¬ 
tion of t^ equator with the ecliptic. Moreover, for 
nearly ten years the moon’s orbit is so inclined that 
the moon’s action tends to diminish the inclinatign 
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of the earth’s cqxiator to the ecliptic, and for an equal 
tune it tends to increase tlie inclination of the earth’s 
equator to the ecliptic; and thus a considerahlo in¬ 
equality is produced in the inclination of the earth’s 
equator to the ecliptic. 

Tlio geneiiil eJIects of precession “will he more, easily 
conceived if, instead of considering the intersection of 
the equator wdth the ecliptic, we consider the motion 
of the earth’s axis; as the change in the intersection 
of the equator with the ecliptic must produce a change 
in the position of the earth’s axis as directed towards 
the stars. In consequence of this, the real Celcstijd 
Pole does change among the stars. Tlie bright star 
of the Little Boiir, for instance, now our Polar Star, 
is not at the same distance from the Pole now at 
wliich it was one hundred years ago. In the time of 
Dr. Bradley, the Polar Star was more than two de¬ 
grees from the Polo; now it is one and a half. In 
the course of a great many centuries the C^tslestial 
Pole <lcscribos a circle among the shirs, and different 
stars successively take the position of the Polar Star. 
About 4500 yejirs ago the Polar Star was the bright 
star of the consteUation Draco. 

The third subject which I mentioned was the aber¬ 
ration of light; an effect produced by tlie combi¬ 
nation of the earth’s motion with the motion of light. 
I endeavoured to illustrate this in several ways. One 
was tliis : if in a summer shower you stand still and 
watch the rain, you wiQ see it fidling in its proper 
direction; but if you walk forward, you will see the 
drops falling in an inclined direction, as if they were 
meeting you; and if you stop backwards, you will see 
immediately that the drops of rain appear to be falling 
as if they were coming fixim behind you. As another 
illustration, 1 supposed that a ship is sailing past a 
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battery, and that a shot is fired at the ship, and I 
remarked that the direction which the shot takes 
tliroTigli the ship is not a direction exactly corresjwnd- 
ing to that in wliich it is fired, but has an inclined 
direction, which inclination depends upon tliLs, tliat 
after the shot has entered the first side of the ship, 
and before it comes out at the second side, the ship 
lias advaiKJocl sensibly. The magnitude of the incli¬ 
nation depends therefore on the itit)portion of the 
velocity of the sliip to the velocity of the sliot. From 
tliis it is phiin that if we know the extent to whiuli 
the appiirent direction of that line of the motion of 
the shot was changed when passing through th(i sliip, 
we shall have the means of computing the ])ro]>ortit}n 
of the velocity ol‘ the sliip to the velocity of the shot. 
Now tliis is a case strictly analogous to the motion of 
light. The earth is travelling along, and wliilst it is 
so travelling along, light comes upon it from difierent 
ohjects, fur instance from the still's. .And the elfect 
is the same as in the case of the sliip; tliat in con¬ 
sequence of this motion of the earth, the liglit appears 
to come, not from tlio real place of the stiir, but from 
an ideal place of the star, which is in advance, as es¬ 
timated by the direction of the earth's motion. If we 
know in wlnit direction the earth is moving, the light 
of the star appears to come from a point more in t^t 
direction th^ it should. 

I tlicn endeavoured to point ont to yon the infinence 
which this would have on the apparent places of the 
stars. We have an earth revolving in on orbit round 
the sun. The place of the star then will not appear 
always the same, but will always be found in a circle, 
whose centre is the true place of the star, the line 
from the true place to the apparent place being always 
in the direction in whidi &e earth is moving. If 
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wo can observe the star in different seasons of the 
year, we can infer from our observations how much 
the place of the star is perverted by this effect of aber¬ 
ration ; wo shall see how much the apparent path 
of the light is inclined to the true path of the light, 
as in the analogous instance of the breach made 
through the sliip. Thus we have the means of com¬ 
paring the velocity of the ship with the velocity of 
the shot, or the velocity of the earth with the velocity 
of light. And the result of the observation is this : 
that the place of the star is disturbed one way or the 
other in different directions at different seasons of the 
year, twenty seconds and one-third. The inference 
from this is, that the velocity of light is ten thousand 
times as great as the velocity of the earth in its orbit. 
Tlie velocity of light is perhaps the most inconceivable 
of all things; the velocity is so enormous, 200,000 
miles in a second. 

But these are things which wo must often looh at 
with suspicion. What I have stated seems at first 
ail indirect way of getting at those results. Even by 
a person properly conversant with these matters, such 
Tosults are hardly received without additional con- 
fiimation. There are phenomena wdiich give con¬ 
firmation, which I will now explain. Jupiter has 
four sateUites. Their orbits are, in proportion to his 
diameter, comparatively small Our moon is at such 
a distance from the earth that she is not eclipsed very 
often; her distance being about tliirty times the 
breadth of the earth. Jupiter^s satellites are com¬ 
paratively close to him; so close that three out of the 
four are eclipsed every time they go round. On 
watching the appearances of Jupiter, one of the most 
remarkable things observed is, the ecHpses of the 
satellites, (first seen by Galileo). When tbe earth is 
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in one position with respect to Jupiter, we see the 
satellites go into the shadow; that is, we sec them 
disappear without any apparent cause. In another 
position wo see them come out of the shadow; that 
is, we sec them "begin to appear in the dark spac^.^ti' 
a short distance fi:om Jupiter. Figure 55 is adapted 



to the supposition th.at the sateDites are coming oiit 
of the slmdow. Supjjose that C is tlie sun j E', E",- 
the earth in two positions; J', J", Jupiter, in two 
con'csponding i)Ositions. The time which is most 
favourable for the observation of Jupiter’s satellites 
is that when the earth is nearly between the sun and 
Jupiter, as at E', because tlien Jupiter is seen nearly 
tlie whole night. In a short time after the invention 
of telescopes, Galileo and other astronomers obseiwed 
the satellites, and found that their eclipses could be 
observed with great accuracy, and registered them 
with great care. They were able in no long time to 
form tables and calculations of the eclipses of Jupitei'^s 
satellites. These occurred principally when the earth 
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and Jupiter were in sucli a position as E'J'. The 
ear£h went travelling on in its orbit, and came to such 
a position as E" Jupiter, who is very sIoav in liis 
m^ions, travelled porliaps as far as J" in his orbit. 
And now camo the remarkable thing : it was found 
that, when the earth came to- such a position as E', 
the tables and preliminary calculations upon which 
had been founded the predictions of the ecliijses of 
the satellites would not apply. The edipscs of the 
satellites invariably occurred kter tlian they ouglft to 
have done. This occun'cd year aftcir year, and it was 
a long time before people could guess at the cause. 
Evciy time the earth came to that part of its orbit in 
wliich it is nearest to Jupiter, the ecb'pscs of the 
satellites happened as predicted: every time the eartli 
approached the part of its orbit furthest from Jupiter, 
the eclipses of the satellites occurred later tliaii pre- 
dictecL At last a very celebrated man, a Dane, of the 
name of Homer, gave the explanation, that in these 
latter observations the earth was fui'ther oil’ from 
Jupiter than at the time Avlien those obscivations 
were made on which the tables and calculatiojis were 
founded: and therefore, the light from Jupiter had 
to travel over a path longer by very nearly the bi-eadth 
of the earth’s orbit. Upon this calculations were 
made, and the result was this: that the time occupied 
by the piissage of light across the scmi-diamctcr of the 
earth’s orbit is 8m. ISa.; and therefore the time occu¬ 
pied by the passage of light across the whole breadth 
of the earth’s orbit is 16m. 36& Upon applying cor¬ 
rections, proportionably to the distance, to the observa¬ 
tions maile in other i> 08 itions, it was found that they 
all harmonized perfectly weU, and no doubt was left 
of the truth of Ihe result, that the time the light occu¬ 
pies in travelliDg ftom the sun to the earth is 8m. 18^. 
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The question for ns now is this: does this deter¬ 
mination of the velocity of light agree with the 
deduction made froju the ahciTations of the stars? 
We found that the light travels ten thousand times 
faster than the earth moves in its orbit; if the light 
occuj)}' Stti, 18j!#. ill coming from the sim to the earth, 
does that imply a speed leu thousand times as great 
as the K{>eed (d‘ the earth 7 The fact is, that the two 
calculations, though peifectly independent, support 
each other with the greatest nicety; and there is no 
douht of the correctness of the measure of the ve¬ 
locity of light. 

The su})ject on which I then proceeded at the 
lecture yestenlay was the measure of the distances of 
some of thci lixetl stars; and 1 observed in the first 
plaee, that it was necessary for nio to premise those 
various tilings, namely, the explanation of precession, 
nutation, and aheiration, and for tliis reason: that 
the apparent jdaces of the stars arc disturbed hy 
them to a very sensible degree, both in right ascen¬ 
sion and in Noith Polar distance ; and that the very 
utmost accuracy is necessaiy in everything relating 
to the ohservatiors upon which the measure of the 
distances of the stars arc to he founded. I assume 
that we now know the meaning of the term “parallax.” 
Petwoen the apparent places of the moon, as seen at 
one point of the earth and os seen aUt another point 
of the earth, there may he a difference of a degree and. 
half, or more. Now when we have a degree and half 
of diflercnco, an error of a second is of no particular 
consequence. The parallax of the sun, as found in 
tho way described in a former lecture, is a> very much 
smaller quantity, between 8 and 9 seconds; that is, 
there is a difference of 8 o]r 9 seconds in the sun’s 
places, as seen at the centre of the earth and on the 
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surface. A second or two either way becomes of 
great importance. Lut when we come to treat of the 
distances of the stars, we find that the parallax which 
can he exhibited, even in the difference of the position 
of the stars as seen when the earth is at different 
parts of its orbit, (which is frequently called the 
anniud parallax,) is not certainly in any case two 
seconds; and in every case but one is certainly less 
than a single second. An error of a fraction of a 
second is here of very great importance; it deranges 
the whole of the results It is therefore of the ut¬ 
most importance to take into account the quantity of 
precession, which amounts to 50 seconds in the year; 
nutation, which amounts to 9 seconds one way or 
another; and aberration, which amounts to 20 seconds 
in one direction or another. AH this we must know 
perfectly well before wo enter into the question as to 
the parallax of the stars. 

Now, with regard to the observations of the dis¬ 
tances of the stars, I remarked that those observations 
were, in character, not exactly similar to the obser¬ 
vations which are made for ascertaining the distances 
of the sun and the moon and Mars, wliich we have 
spoken of before. In all other cases we were able to 
plant Observatories at different parts of the earth, 
and from these different parts of the earth to midce 
observations at the same instant on the subject in 
question, whether it was the distance of the sun, or 
of the moon, or of Mars, that was to be measured. 
But wo cannot do so with respect to the stars, and 
for this reason: the mere observation of the stars 
from two points of the etorth does not present any 
sensible diiferonce wliatever. We have no reason to 
believe that the apparent places of a star, as seen from 
one part or another of the earth, are different by the 
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ten-thousandtli part of a second. We can, however, 
do this: we can make ohservations on the place 
of a star, when the earth is in two positions widely 
different. If S is a star, Figure 54, whose distance 
we wish to estimate, we can do it if we can observe it 
when the earth is in the position and also in the 
position E'". There is half a year between these ob¬ 
servations ; but still, if we can take into account all 
the changes in the starts apparent place that happen 
in the course of half a year, we shall be able to get 
some notion of the real change in the position of that 
star which arises solely from the different position of 
the earth in its orbit. Now let us see what we have 
to do. The position of the star at each of these times 
is affected by the three causes I have mentioned: 
precession, nutation, and aberration. The way in 
which we must reduce the observation of the star is 
tills: we must make such a correction to the place in 
which we do really see the star, as wiU reduce it to 
the place in which we should have seen the star at a 
certain time, provided that the variable jiarts of the 
corrections were done away with. For instance, I 
observe the star on the Ist of February; juecession 
has been going on for many centuries; I do not, 
however, rtduce the place of the star very far back, 
I only apply the correction which is duo to the 
change between January 1 and February 1, and thus 
refer the star’s place to the beginning of the year. I 
then remark that nutation has sensibly disturbed the 
starts jjlacc. I do not, however, apply the correction 
(as regards nutation) to show where the star would 
have been on the 1st of January; but I apply a coi^ 
rection to show where the star would have b^n seen 
if there were no such thing as nutation at alL I take 
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the same steps as icgards aberration ; that is to say, 
I correct the place of the star so as to show where it 
would have bi;eii seen if there wei*o no such thing as 
aberration. I have then got my observation of the 
corrected for these various causes in such a 
manner, tliat its place is totally freed from the dis^ 
turbances of u pcrioilical nature, and from the change 
of precession which it has undergone from the 1st 
January. About the 1st August I repeat the ohser- 
vation. I then apply, to this observation, corrections 
of the same kind; that is to say, 1 corre(;t it for the 
change which, by precession, the place of the star has 
undergone since the 1st Januaiy. I apply the correc¬ 
tion fur nutation on August 1, so as to show what its 
place would have been if no nutation existed; and I 
then aj)ply the correction for aherration on August 1, 
BO as to show what its place would have heen if no 
ahcraitiun (ixisted; and then from the observation 
made on August 1,1 have the position of the star os 
it would have heen seen at this part of the earth’s 
orbit; all the periodical causes of disturbance being 
removed, and the precession existing in just the same 
state as it did on the 1st Januaiy. There then 
remains only one disturbing cause, and it is that 
which depends on the position of the earth in the 
diflerent parts of its orbit. In order to find whether 
the phic^ of the star is really affected, by that cause, 
the step most convenient is to ohseiwe the Korth 
Polar distance of the star. If the magnitude of the 
earth’s orbit he not anything sensible, as viewed 
from the star, then the North Polar distance of the 
star, corrected as I have mentioned, will be the same 
in these two positions of the earth. But if the North 
Polar distance of the star, duly corrected, he not the 
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same at these times, then it is to he infoiTcd that 
there is a sensible difference in the direction of the 
lines E'S and E"'S. 

Now you will observe, that there is a "ood d^ 
assumed in this. In the lirst place, wlien we observe 
the North Polar distance of the star, the thing'%o. 
which wo refer it is the position of the Poh^ in the 
heavens. The Pole of the heavens is in reality that 
point of the heavens defined by continuing the earth^s 
axis in a straight lino to the region of the stars, so 
that when we ohserve the North Polar jlistance of 
the star, we do really detennine the position of that 
star in relation to the position of the earth’s axis. 
We assume, therefore, that we can account fully and 
accumtely for the change of position which the earth’s 
axis has undcjgono, and which arises from pnjcession 
and nutation. Now, there is always a voiy minute 
uncertainty about these, which it is dosiral)lc to get 
rid of. Another cause of uncertainty arises from 
aberration ; on this account there is always an un¬ 
certainty of a fi-action of a second, which enters into 
the observation. There is also in most cases another 
cause of uncertainty; it is that of which 1 have 
spoken so frequently, reflation, which is such a 
trouble to astronomers. Nearly every observation 
which we make upon the positions of the stars is 
affected by refraction, and after making all proper 
allowance, wo cannot always answer for the results. 
These considerations servo to cast some doubts on 
the observations made for determining the distances 
of the stars. StUl there is one star of which the par¬ 
allax seems to he determined with considerable accu¬ 
racy, and that is the bright star of the Centaur, Alpha 
Centauri. It appears certain that this star has an 
fliiTiual parallax of one second (using the term “animal 
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parallax” to denote the extreme difference of appar¬ 
ent positions of a star, as seen £rom the sun on the 
one liand, and &om the earth on the other hand), 
fi^ich amounts to this: the distance of tlie star is 
200,000 times greater than the distance of the sun 
from the eartL That is a thing, however, which 
roquires many observations for its verification. 

1 then mentioned another way in which the dis¬ 
tances of the stars may be ascertained; a method 
which is ^0 &om aU those defects of which 1 have 
spoken. Tliis method is by the observation of two 
stars, of which one is believed to be veiy much nearer 
to the sun than the other. For then we may assume 
that the distant star will have no sensible change of 
place fi-om parallax, depending on the position of the 
earth in its orbit. And then, in observing the stars 
from the various parts of the earth’s orbit, wo can 
coinpait^ the apparent place of that star Avliich wo 
beheve to bo the nearer with the place of tlie other. 
Practically this is of importance. The refraction, 
precession, nutation, and aberration, are sensibly the 
same; and there is no uncertainty whatever from the 
computation of the various quantities which east so 
much uncertainty on the results derived from other 
observations. This is the method pursued by Eessel 
in determining the distance of the star G1 Cygni. 
Ho measured the angular distance of tills star 
from two small stars near it, by means of an instru¬ 
ment, called the Heliometer, well known on the 
Continent, but of which there was at that tim6 no 
specimen in England. With this he determined the 
parallax of the star 61 Cygni to be one-tliird of a 
second; tliat amounts to the same as saying tliat the 
distance is 600,000 times greater than the distance 
of the earth &om the sun. It is deserving of 
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attention tliat G1 Cygni is a double star; but we know 
&om long observation that the two Stars partake of 
the same motions, and probably are a connected 
system L'ke the earth and moon, and therefore we 
speak of them and of their distance as if they were 
only one star. 

I have here spoken repeatedly of our supposition 
tliat some stars are nearer to us than others. The 
grounds of this supposition are generally the amount 
of what is called the proper motion of the st.'ii*s. 
Upon (ioini)aring the jdaces of the stars, as we observe 
them in dilferent years, and applying the corrections 
for precession, nutation, and aberration, so as to 
redu^'e every obsciTation of every star to what it 
ought to exhibit on the first day in the year, agree¬ 
ably to the common practice of astronomers, we find 
that a great number of the stars have what is called 
jrrojier motion, We are obliged to give up the idea 
of fixity entirely. Tlic term “fixed stai's” is a good 
tern for young astronomers to use; but the vast 
majority of the stars which have been well obsoived, 
seem to have a motion of their own, and that is 
knowTi by the term proper motion. In all good cata¬ 
logues of stars there is reserved a column, distin¬ 
guishing the pro])er motions of the shirs, showing the 
direction in which the stars appear to be* moving 
tlirough other stars, and the amount of their motion 
in a year. This has only been discovered after many 
years’ observation; it is in evciy case a small quantity; 
but still in most instances the quantity has been cor¬ 
rectly ascertained. Those of Sirius and Arcturus are 
pretty laige; but the largest known are those of two 
small stirs, G1 Cygni (whoso motion is nearly throe 
seconds in a year), and a star known by the name of 
Groombridge, 1830, (whose motion is nearly four 
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seconds in a year.) The attention of astronomeis. 
has therefore heen directed to both those stars, and 
it appears certain that the foimcr has sensible par¬ 
allax, and probable that the latter has parallax of a 
somewhat smaller amount. 

In closing tliis account of the method of measur¬ 
ing the distance of the stai's, I -will only remind you 
that I have redeemed my jdedge of showing how the 
distance of the stars is measiii'ed by means of a yard 
measure, and I will very briefly recai)itulate the prin¬ 
cipal stops. By means of a yaixl measure, a base-line 
in a survey was measured; from this, by the trian¬ 
gulations and computations of a survey, an arc of 
meridian on the eai^h was measured; fi.*om this, with 
proper observations with the Zenith Sector, the 
surveys being also repeated on dilTerent parts of tlie 
earth, the earth’s form and dimensions wci*e ascer¬ 
tained ; from these, and a previous independent 
knowledge of the proportions of the distances of the 
earth and other planets from the sun, with observar 
tions of the transit of Venus, the sun’s distance is 
determined; and from this, with observations leading 
to the parallax of the stars, the distance of the stars 
is determined. And every step in the process can be 
distinctly referred to its basis, that is, the yard 
measurei 

Before dispatching the subject of observation of 
stars, I will make one remark. The proper motions 
of many aro very irregular in direction and magnitude; 
but with regard to some others them is a rude regu¬ 
larity which may be conceived in this way. I speak 
of it in connection with what is supposed to be the 
motion of the solar system in space. Suppose that I 
am walking through a crowd of people, or through a 
forest, if 1 keep my attention on those objects that 
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are exactly in front they do not appear to change 
their places; hnt if I look at the objects to the right 
or to the left, they appear to bo spreading away to 
the right or to the loft. Even if I did not Jcnow that 
I was moving myself, yet by seeing these objects 
spreading away, I should infer with tolcrabh^ cer¬ 
tainty that I was moving in a certain direction. I^'ow 
if it should a 2 )pear that, taking the stars generally, 
we can fix on any diiection and see that the stars in 
that diiection do not ai)poar to be moving, but that 
the stars right and left appear to bo moving away 
from that point, then thei’e is good reason to infer 
that we are travelling towards that ]ioiTit. This spec¬ 
ula! ion was first started by Sir William IleT*scheL 
He found a point in the heavens, in the constellation 
Hercules, possessing this pro 2 )erty, that a great ma¬ 
jority of the stars about this constellation liad not 
any sensible proper motion, but that the stars right 
and left of it had apparently motion to the right and 
left 1 ‘espectively. He infeired from this that the 
solar system was travelling in a body to that point, 
and this notion has been generallj'^ received amongst 
astronomers. I believe that every astronomer, who 
has examined it carefully, has come to a conclusion 
very nearly the same as that come to by Sir William 
Herschel, that the whole solar system is moving 
bodily towards that point in the constellation Her¬ 
cules. But it is a thing on which the computation 
is not veiy accurate, and it will prohahly remain in- 
accumte for many years to come. This is the last 
subject which 1 have to mention in regard to the 
fixed stars. 

I shall now proceed to the last division of my lec¬ 
tures ; a general view of the evidence that applies to 
the theory of gravitation, with which is inseparably 
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connected the determination of the masses of the 
different bodies of the solar system And here I 
must observe that, on entering minutely into this 
subject, it is impossible to taJiie one thing alone. 
When 1 take the theory of gravitation, I must begia 
by taking the evidence relating to the laws of motion, 
for these were described and defined long before the 
theory of gravitation was expounded. Kow the laws 
of motion, in the shape in which they have been 
commonly exj>ressod, are these: in the first place, if 
a body bo started in motion, and if no force act upon 
it, tliat body will continue in motion in the same 
direction and with the same velocity. Of all things 
in the world, tills is the most difficult to prove 
immediately. It is obvious that we cannot put a 
body in motion so that it shall go on in one unvaried 
du'oetion, and +^mt it shall go on for ever, for we 
cannot jiut it in motion in a place whei’o no Ibrce 
will act on it ; and wc cannot observe it through in¬ 
finite space and infinite time. This is one of those 
instances in wliieh wo can examine a law only in 
connecjtion \vith other laws. We must investigate 
hy profound mathematical process what will bo the 
effect of combining this law with others, so that we 
may ohfc ;rvo whether the results, wliich are jn’oclucod 
practically, agree with the results which we have 
found isom the mathematical process. 

For instance, one of the cases which we can 
observe is, th&t where rotatory motion is continued 
for a very long time, and where the velocity very 
slowly diminishes, as the motion of a wheel or spin¬ 
ning tup. Contrivances have been made for the 
purpose of spinning tops and wheels in the exliausted 
receivers of air pumps. They go on spinning and 
spinning, and the motion seems as if it would never 
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come to an end. Kow, how does this apply to the 
first law of motion, that a body moves in the same 
straight line and with the same velocity ? All I can 
teU you is this : if it is true that each part of a body 
woxild, if unconstrained, move steadily in a straight 
line) and if (by the connection of the parts) each part 
is constrained to move in a circle, then it appears by 
mathematical investigation that the body wQl revolve 
with a uniform velocity; but if it were not true, then 
the body would not move in a circle with a uniform 
velocity. There is another instance which is pcaliaps 
still mure remarkable. I aUude to the motion of a 
pendulum. The motion of a pendulum backwards 
and forwards is a result of the first law of motion, 
taken in combination with the disturbing force of 
gravity; tliis motion of the pendulum being the most 
permanent of all that are the subjects of ordinary ex¬ 
periments. If a pendulum be j)ro[)erly constiaictcd, 
mounted with a steel edge (like tliat of the best 
balances) moving on a flat plate of hard agate, and if 
it be set in the exhausted receiver of an ah* iJiinip, it 
will go on for 24 or 30 hours, without the action of 
anything to kcej) up its motion, lint still it seems 
a verj’^ strange thing to infer, from tliis backward and 
forward niotio]i, the kiAV which asserts that ilie pen¬ 
dulum would go on continuiiUy in the same direction 
in a straight lino, if there were nothing to disturb or 
counteract the operation of that law. Upon making 
the proper mathematical investigation, it is found 
that the only way of explaining the motion of the 
pendulum is, hy saying that it would go on in a 
straight line continually, if it were not acted on hy 
certain causes which wo ore able to take into 
account. 

It is I'ight yon should understand bow the matter 
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standa "WTien we speak of tke evidence of these 
things, we cannot give the evidence simply as it 
applies to any one law, hut we can give it in com¬ 
bination with other law’a 

The second law of motion we have endeavoured to 
illustrate (rage 104) by apparatus, wliich showed that 
when a bail v/as allowed to Ml freely it was carried 
to the ground in the same time as a ball ])rojectcd 
horizontally. The third law of motion rektes to 
the ellect of pressure, with which 1 have no occasion 
however to trouble you at present. 

Having said so much on these subjects, we now 
come to gravitation. It is necessary to make this 
mention of the laws of motion first, because the 
movements connected with gravitation are but an in¬ 
stance of the ajiplication of the laws of motion to the 
movements produced by a certain force. The phinets 
and satellites are in motion, and, according to the 
first law of motion, they would’ move on in straight 
lines, if they were not bent aside by some force. 
This force, according to tlie theory of gravitation, is 
the attraction of another body. Let us now examine 
whether such a force, following the law of decreasing 
as the square of the distance increases, will account 
for some of these motions; and wo will begin, as 
Hewton did, witli the moon. 

The moon's motion with respect to the earth is in¬ 
fluenced (tujcording to this theory) almost entirely by 
the attraction of the earth; because though the sun 
attracts both the earth and the moon, yet it attracts 
them nearly in the same degree, and therefore pro¬ 
duces little disturbance in their relative motions. 
And though the moon attracts the earth, still the 
moon is so much smaller than the earth, that we may 
omit the consideration of that at present. We shsdl 
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however hereafter allude to the effects of both these 
circumstances. Now the principle of calculation in 
this and all similar cases will he the foll<j\viiig : in 
Figure 50, let MN he the arc which the moon 
dcscn1)es in her course imind the 
earth E, in one hour, or one minute, 
or one sc'coiul, or any other short 
time tJiat we may choose to fix on 
(we shall, for the present, take oiio 
second). If no foite had acted on 
the moon, she would have moved in 
a straight line Mm. Therefore the 
force with wdiich the efii*th has at¬ 
tracted the moon, has drawn her from m to N, or 
through the S])ace r/zN. Wo must therefore compute 
the lengtix of w/N ; wo shall then know liow far the 
earth’s attraction draw's the moon in one second; we 
also know how far the earth’s attraction xnakes any¬ 
thing at the snrfaco of the earth fjill in ojk? second; 
and the pi’ojxortion of these will give the projjortion 
of the caiih’s attractions in these two ilifferont places. 
Noav, con^idoriiig the moon as moving in u circle 
whose semi-iliamoter is her mean distance, EM is 
238,800 miles. Also the whole circumfei’cnce of the 
moon’s orbit is 1,500,450 miles; and her periodic 
time is 27 days, 7 hours, 43 minutes; hence the 
length of the lino Mm, which would liave boon 
described in one second if no force had acted, is 
0‘635G of a mile. With these two lengths of the 
sides of the right-angled triangle EMm, hy the usual 
rule of squanng the two sides, adding the squares to¬ 
gether, and extracting the square root of the sum, the 
hypotenuse Em is found to he 238800*000(0008459 
miles. ITiei'efore the lino mN is 0*0000008459 of a 
mile, or 0*0536 of an inch; and this is the space 
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lihrongh wbicli the earth’s attraction draTins the moon 
in one second. 

Kow at a place on the earth’s surface, which is 
3,959 miles :^m the eiuth’s centre, it is found hj 
experiment, that a stone f{dls 193 inches in one 
second. And it is found (by a difficult mathematical 
investigation), that if our theory is true in this 
respect, “that the attraction of the stone to the earth 
is produced by the attraction to every particle of the 
eakh” (see page 175,) then the attraction of the 
whole earth (considered to be a sphere) will be the 
same as if the whole matter of the earth were collected 
at its centre. Thus the question upon which the ex¬ 
planation of the moon’s motion by gravitation must 
dejiend is this; the earth’s attraction at the distance 
of 3,959 miles draws a body 193 inches in one 
scccnid, and tho earth’s attraction at the distance of 
233,800 miles draws the moon 0*0536 inch in one 
second. Are these effects of the earth’s attraction 
inversely as the squares of the distances 9 They are, 
almost exactly. To make them exactly so, tho space 
through which the earth draws the moon should be 
0*05305 inch. Now it is found (by a process which 
I cannot hope fully to explain to you) that tho two 
circumstances which I mentioned, namely, the moon’s 
action on the earth and the sun’s disturbing force, do 
exactly explain this small difference; so that it is 
certain that the attraction of the earth which causes 
a stone to fall, and the attraction of the earth which 
bends the moon’s path from a straight lino to a circle, 
are really the same attraction, only diminished for 
the moon in the inverse proportion of the square of 
her distance. 

I have used, for the time through which I compare 
tho attracting power of the earth in the two cases 
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(upon the moon and upon the stone), one second, 
he^use the expeiimont of the distance through which 
a stone falls in one second, and its result are the 
most familial* to our minds. K I had used one 
minute, I should have found for the space through 
which the earth draws the moon 0*0030452 of a mile; 
or if I had used one hour, I should have found 10*963 
miles; and I should have had con*osponding numhers 
for the space through which a stone would fall in the 
same time These numbers, it is to he observed, in¬ 
crease in the proportion of the squares of the times; 
and so do those for the fall of a stone (for a stone falls 
in two seconds four times as for as in one second; in 
three seconds it falls nine times 


as far as in one second; and so on). 

1 will now compare the spaces 
throngh which the sun’s attraction 
draws the planets in one hour, 
and ns an instance, I will take the 
earth and Jupiter. In Figure 57, 
let EF be the path described by 
the earth in one hour, Ee the path 
in a straight lino which the eiirtli 
would have described in one hour 
if nothing had disturbed it. JK 
the path described by Jupiter in 
one hour. J^ the path which 
Jupiter would have described in 
one hour if nothing had disturbed 
it. 'Dien eF is the space through 
which the sun’s attraction h^ 
drawn the earth in one hour, and 
jK is the space through which the 
sun’s attraction has drawn Jupiter 
in one hour; and we shall proceed 
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to find the proportion of eF to /K. FTow taking CE 
as 95,000,000 miles, the circumference of the earth's 
orbit is 596,900,000 miles, which the earth desciibes 
in 365*20 days ; and tiicreforo the line lile which is 
the earth’s motion in one hour, is 68,091 miles. 
Adding the scpiare of CE to the square of Ee, and 
extracting the sfpiare root of the sum, we find that 
CE is 95000024*402 miles; and therefore cF, the 
space through which the sun draws the earth in an 
hour, is 24*402 miles. For Jupiter, CJ, is 494,000,000 
miles; the circumferenco of its orbit is therefore 
3,104,000,000 miles ; which is described in 4332*62 
days; therefore Jj, the motion in one hour, is 
29,850 miles; and the length of Cy, found in the 
same manner, is 494000000*9019 miles; and ji’K, 
the space through ■'.vhich the sun draAvs Ju})iter in 
one hour, is 0*9019 miles. Hence, the attracth^e 
forc*.e oi‘ tlie sun on the earth is to the attractive iorce 
of the sun on Jupiter, in tlie proportion of 24*402 to 
0*9019. Hut if we compute from the rule of the 
inverse square of the distances, wliat would he the 
proportion of the force of the sun on the earth to the 
force of the sun on Jupiter, wo find that it is tli® 
proportion of 24*402 to 0*9024. These proportions 
may he regarded as exactly the same, the trifling 
difierence between them arising mainly from the cii^ 
cumstance, that 1 have only used round numbers for 
the distances of the two planets from the sun. And 
thus for these two planets it is true that the strength 
of the sun’s attraction is inversely proportional to the 
square of the distance of the attracted body from the 
sun. 

If I hod compared any two planets, I should 
have arrived at exactly the Bame agreement. And 
generally, I may state (though I cannot at present 
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demonsftrate it to you), that whenever this rule (see 
page 12G) is found to hold “the squares of the pe¬ 
riodic times of several bodies moving round a central 
body are proporiional to the cubes of the distjincos 
of the several bodies from that central body,” then it 
will be found, by a process exactly similar to that 
wliich wo have gone through, that the effects of the 
central body’s attraction at the dilfereiit distances are 
inversely as the squares of the distances. Ifow, this 
law (that the squares of the times are i)roportional to 
the cubes of the distances) was discovered by ICc 2 »ler, 
long before the theory of gravitation was invented, to 
hold in regartl to the times and distances of tho 
l>lanets in their i-evolutiona TOund the sun. Mol‘eo^'e^, 
in Ti gard to the four satellites of Jupiter the same 
law hoMs. For we are able without difficulty to 
observe their periodic times; we are able also (by 
obseiving tho transits and the dilferenco of Polar 
distanccjs of Jupiter and each satellite, or by other 
methods) to ascertain their apparent angular distance 
from Jupiter; and from tliis, knowing the distance of 
Ju 2 >iter from tho earth in miles, "we can comimte the 
distance of each satellite from Jupiter in miles; and 
we find that the squares'of their times are proportional 
to the cubes of their distances; and therefore the 
attraction of Jupiter ux)on his several satellites is in- 
veisely proportional to the squares of their distances 
fix>m him. In like manner, it is found that the at¬ 
traction of Satuili upon his seven satellites is inversely 
proportional to the squares of their distance from him; 
and, as far as we can examine, the same law holds 
with regard to the attraction of Uranus on his satel¬ 
lites. Thus, for every body which we know, around 
which other bodies revolve, the force of attraction of 
the central body on the different bodies that revolve 

Q 



226 


^OrXTLAR ASTRONOMY, 


round it is- inversely proportional to the squares of 
their distances. 

But, though it is thus established that the attraction 
of the central body on the different bodies follows 
that law, is it true that its attraction on the same 
body alters in the inverse proportion of the square of 
the distances, when the distance of that body is 
altered ? It is quite certain. But so difficult are the 
mathematical operations by which this is proved, that 
1 ciin do little more than refer you (as 1 have done 
once before) to the results. The following, however, 
are the principal steps. 

The planets do not revolve in circles but in ellipses, 
(see page 126,) and therefore, the distance of each 
planet from the sun undeigocs considerable alteration. 
Kepler’s second law of planetary motion was this : 
that if we draw a line from the sun to a planet, that 
line passes over equal areas in every successive hour; 
that area not being the same for different planets, but 
being constantly the same for tlie same planet; or, 
which is the same thing, it describes areas proportion- 
able to the times. Kow, if wo assume the first and 
second laws of motion to be true, we find that this 
equal description of areas compels us to admit that 
the planet is attracted towards the sun j but it does 
not give us any information as to the l^w of the at¬ 
tractive force. But the circumstance that the planets 
move in ellipses, with the sun in one focus of each 
ellipse, settle this question. It has alreeuly been 
proved that the atti^tive force must be directed to 
the sun, that is, to the focus of each ellipse; and then 
it is proved by a mathematical investigation that if 
a planet moves in an ellipse, and if the force is directed 
to the focus of the ellipse, that force in different parts 
of the orbit must be inversdy as the square of the 
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distance from the sun. Thus it is proved that the 
attraction of the sun on each planet, at its difierent 
distances, is inversely propoitional to the square of 
the distance. The same thing also is proved with 
regard to those planets wliich have satellites ; for 
several of the known orhits of satellites are elliptical 
(the others being circular). 

There is, however, another very remarkable set of 
bodies, each of which in its motions sometimes goes 
nearer to the sun than any other known body, and 
sometimes passes further from the sun than any other 
known body; 1 mean the comets, the explanation of 
whose motions is one of the most remarkable of 
Newton’s discoveries. A veiy few comets, (not more 
than five or six,) it is now known, move in very long 
ellipses, and return periodically to our sight; and to 
these the same remarks apply which have been above 
applied to the motion of planets. But at the time 
when Newton investigated the motions of comets, the 
idea of periodical comets was totally unknown, and 
Newton’s investigations in regard to comets proceeded 
entirely on the supposition itliut the comet did not 
rectum. It is difficult for mo to attempt to explain 
here how the orbit of a comet is investigated; the 
}>est way perhaps will be to give you something like 
a history of the thing. 

When Newton had investigated the forces which 
apply to the motion in an ellipse, it was very natural 
that he should endeavour to see whether the same 
law of force (namely, that the force is inversely as the 
square of the distance) which accounts for motion in' 
an ellipse, would account for motion in any other 
curva You will see easily that there are two things 
upon which the motions of a planet depend. One is 
the force of the attraction of the sun; the other the 

q 2 
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velocity with which the planet is set going. It is 
quite conceivable tliat if a planet were started with 
veiy groat velocity, it might go away and never come 
hack. The idea which iNewton suggested was, that 
the motion of a comet was of tliat kind. And, upon 
pursuing the investigation, he found that a body sub¬ 
ject to the attraction of a central body (as the sun) 
might, if the force varied inversely as the square of 
the distance, describe the curve called the panibola, 
(see page 131); but no other law of force would 
account for the description of such a curve. The 
form of the parabola is represented in Figure 58, C 

being the sun; and tliis curve 
it is evident, possesses two of 
the peculiarities which most 
markedly distinguish the mo¬ 
tions of comets; it conies vciy 
near to the sun at one pait, and 
it goes off to an indoliiiitely 
great distance at other parts. 

Kow, when Newton had found out that the same 
laws of gravitation which were established from the 
consideration of elliptic motion would account for 
motion in a parabol^ he began to try whether the 
parabola would not represent the motion of a comet. 
It was found, that by taking a parabola of certain di¬ 
mensions, and in a certain position, the motions of 
the comet which had been observed most accurately 
could be represented with the utmost precision. 
Since that time, the same investigation has been re¬ 
peated for hundmds of comets, and it has been found 
in every instance that the comet’s movements could 
be exactly represented by supposing it to move in a 
parabola of proper dimensions and in the proper posi- 
tioni the sun being always situated at a certmn point 
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called the focus of the parahola. This investigation 
tends most powerfully to confirm the law of gravita¬ 
tion; showing that the same moving object, which at 
one time is very near to the stin and at another time 
is inconceivably distant fi.*om it, is subject to an at- 
tiactirm of the sun varying inversely as the square of 
the disbanca 

Ilut if it is true tliat every particle of matter *attracts 
every other particle of matter, with a force varying 
inveisely as the square of the distance, the efiects of 
these attractions will be shown in other ways besides 
inllucncing the peru)dic revolutions of planets round 
the sun, or of satellites round their primaiies. For 
in^taIiee, the sun attracts both the eartli and the 
moon, and, as they are always either at diflerent dis¬ 
tances from the sun or lie in different directions from 
the sun, they will he differently attracteil by the sun; 
and hence their relative motions will be disturbed. 
Thus arise the perturhations of the moon’s apparent 
motion. These purturhations naturally ilivido them¬ 
selves into scvei^ classes; and they had been dis¬ 
covered from observation and divided into these 
classes, long before the theory of gravitation was in¬ 
vented. One of the first triumplis of the theory was 
the comxdoto explanation of these classes of pertur¬ 
bation of the moon; and the suggestion of many 
others, which have been verified by the observa¬ 
tions made since that time with more accurate 
instruments. 

Of these applications of the theory of gravitation 
to explain the different perturhations of the moon, a 
great deal might be said. It is a subject involved in 
mathematical perplexity beyond anything else that 1 
know. But there is one perturbation of the moon 
which is of so smgular a character that probably 1 
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may be able to give you some notion of it. It is that 
wbicb is called the Moon’s yaiiation. 


In Figure 59, suppose E to be tbe caith, M'M^'" 
M"" tbe moon’s orbit, and C tbe sun. Tbe sun, by 



tbe law of gravitation, attracts 
bodies wbicb are near witb 
greater force than those wbicb 
are far distant from it. There¬ 
fore, when the moon is at M' the 
sun attracts tbe moon mom than 
tlio earth, and tends to pull tbe 
moon away from tbe earth. 
When tbe moon is at M'” tbe 
sun attracts the earth more than 
tlie moon, and therefore tends to 
pull tbe earth from the moon, 
producing tbe same oilect us at 
M' or tending to separate tbenu 
When tbe moon is at IM" tbe 


force of the sun on the moon is neiirly tbe same as 
the force of the sun upon tbe earth, but it is in a 
dilTcrent direction. If Ibo sun pulls tlie earth tbimigb 
tlie space Ee, and if it also pulls the moon through the 
space W'rriy these attractions tend to bring the earth 
and tbe moon nearer togetlier, because the two bodies 
are moved as it were along tbe sides of a wedge wbicb 
grows narrower and narrower. Thus, at and 
Qio action of the sun tends to separate tbe earth and 
the moon, and<,a.t and tbe action tends to 
bring the earth and the moon together. 

You might perhaps infer from this that the moon’s . 
orbit is elongated in the direction M' M'". l^o such 
thing: the effect is exactly tbe opposite. Tbe fact 
really is, that the moon’s orbit is elongated in tbe di¬ 
rection M"". And if you consider what has been 
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said "boforG about tbe curvatuie of the orbit, and ex¬ 
amine the subject for yourselves, you will see that it 
must be so. The moon I will suppose is travelling 
from M"" to IVl'. All this time the sun is attracting 
her more than the earth, and thciefore increasing her 
velocity till she reaches M'. When she is i^assiiig 
from M' to M'' the sun is pulling her back, and licr 
velocity is diminished till slxe reaches From this 
j)oiut her velocity increases again till she reaches 
and them diminishes again till she* reaches IM"". 
Thon;iV)r(5, when the moon is nearest to the sun, and 
furthest from tl^ sun, she is moving with the greatest 
velocity j when shcj is at those parts of her orbit at 
wlocli her distance from the sun is ecpifd to the cai'th’s 
distance from the sun, she is moving with the least 
velocity. I mentioned in a former lecture (sec page 
lOG) that the cuivature of the orbit depends on two 
considerations : ontj is the velocity; and the greater 
tlie velocity is, the loss the orbit will be curved : the 
other is the force ; ami the less the force is the loss 
the orhit will be curved. The consequence is this; 
tliat as the velocity is greatest at M' and ^1'", and the 
force directed to the eajth is least (because the sun’s 
disturbing force there diminishes the earth’s attme- 
tion,) the oi’bit must he the least curved there. At 
M." and 31"" the velocity has been considerably 
diminished; the force whi(di draws the moon towards 
tlie earth is greatest tlicsre (because the sui/s distnrh- 
iiig force thcrt», increases the earth’s attraction), and 
thoroforo the orhit must ho most curved there. The 
only way of reconciling these conclusions is by saying 
tliat the orhit is lengthened in the direction M" M""; 
a conclusion opposite to what we should have sup¬ 
posed if wo had not investigated closely tliis remark¬ 
able phenomonoiL It wdl easily he understood that 
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tlic amoniit of this effect is modified in some degree 
by the change which the earth’s attraction undergoes 
in consequence of the change of the moon’s distance, 
(the earth’s attractive force varying inversely as the 
square of the moon’s distance) but still the reasoning 
ajjplies with perfect accuracy to the kind of alteration 
wliich is produced in the moon’s orbit. 

This particular inequality was discovered by Tycho 
Bmh6 before gravitation was knoum; and it under¬ 
went an examination and was explained by I^ewton 
as a result of gravitation. There are other pertur¬ 
bations oven more important tlian tljjs, (tlic Progres¬ 
sion of the Apse, the Evcction, the Annu^ Equation,) 
of which 1 only mention the names; they w'ere dis¬ 
covered before gravitation was known, and they were 
most fuUy and accurately explained by gravitation. 

The next point which I shall mention is this: that 
the planets disturb one another generally. Eor it is 
to be remarked, that the attraction of planets is not 
confined to the sun, although, in consequence of the 
sun’s very great magnitude and very groat attraction, 
accurate and long-continued observations may be 
necjessary for discovering the comparatively small 
effect of the planets. But the law of gravitation 
asserts that every particle of matter attracts every 
other particle, and therefore every planet attracts 
every other planet; and therefore the motions of the 
planets ore not exactly the same os if only the sun 
attracted them. The differences of the real move¬ 
ments from the movements computed on the suppo¬ 
sition that only the sun attracts the planets are the 
perturbations or disturbances of the planets. These 
disturbances are exceedingly complicated. In fact 
there is nothing in science which presents the degree 
of complication that these perturbations of the 
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planets and tlicir satellites present. There is one 
kind of disturhances, however, of whicli possibly 
some notion may he given; they are the most 
remarlaihle in Jupiter and Saturn. There are many 
hooks, ^rntten as late as the beginning of the present 
century, in which the motions of Jiipiter and Saturn 
arc spoken of as irreconcilable with the theory of 
gravitation. It was one of the grand discoveries of 
La Place that the great disturhances of those two 
planc'.ts arc caused by what is called the " inequality 
of long jicriod,” requiring some hundreds of yem’s to 
go through all its changes. 

Liit Eigure GO represent the orbits of Jupiter and 
SaUirii. You must observe 
Uiat tliey are both elliywses, 
and tlio positions of their 
axes do not correspond. 

Kow, the tiling which La 
Place T)ointeii out as regards 
these planets, affecting their 
pertiirliations, is one wliich 
applies more or less to 
sevenil other planets; it is 
this : that the pci'iodic ®o- 

times of Jupiter and Saturn are very nearly in the 
proportion of two small iiiunhers, luimcly 2 to 5. 
Upon the proximity of that jiroportion depend en¬ 
tirely some of the peculiarities of their disturbances. 
And the ell’ect of this wll he see^i if we consider in 
what part of their orbits their successive conjunctions 
will happen. 

Inasmucli as these periodic times are in proportion 
of 2 to 5, it follows that when Saturn is describing 
two-thirds of a revolution in its orbit, Jupiter is 
describing almost exactly five-thirds of a revolution 
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in its orHt. And therefore, if the two planets have 
been in conjunction, then about twenty years after^ 
wards Saturn has described two-thirds of a revolution, 
and Ju]>itor a whole revolution and two-thirds, and 
the planets will he in conjunction again, but not in 
the same pr*Tts of their orbits as before, but in paits 
more julvanced by two-thirds of a revolution. Thus 
in Figiu*e 60, 1, 1, to bo the place of the first con¬ 
junction of which we are speaking. Saturn describes 
two-thiids of his orbit as far as the figure 2. Juiiiter 
goes on describing a whole rev(J.ution and two-tliiids 
of a revolution, and arrives at the same time at the 
figure 2 in his orbit, and the planets are in con¬ 
junction at 2, 2. Saturn goes on describing two- 
thirds of the orbit again, and comes to figure 3. 
Jupiter goes on describing a whole revolution and 
two-thirds of another, and he conies to figure 3, and 
they are in conjunction there. The next time they 
are in conjunction at figure 4, the next at figuio 5, 
and the next at figure 6, and so on. These con¬ 
junctions occur in this manner from the circumstance 
tliat the periodic times are nearly in tbc proportion 
of 2 to 5; there are three points of the orbit at nearly 
equal distances at which the conjimctions occur. 

liut wo will sujipose that they occurred exactly at 
three equidistant points, and that time after time 
they happened exactly at the same points. It is 
plain tliat in that case there would be a remarkable 
effect of the distufbances, particularly at those parts 
of the orbit 1,1, 2,2, 3,3, &c., where Jupiter and 
Saturn are nearer to each other than at other times. 
They are very large planets, each of them bigger tiian 
all the rest of the solar system, except the sun; they 
exercise vciy great attractive force each upon the 
other; and therefore they would disturb eaA other, 
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in a very great degree and a very curious way, if 
their conjunctions occurred exactly at the same 
place. 

J^ow these conjunctions do not occur exactly at the 
same place. The periodic times are neai*ly in the 
proportion of 2 to 5, hut not exactly in that pro- 
portioiL In consequence of the pcriotlic times heing 
not exactly in the proportion of 2 to 5, their places 
of conjunction travel on, mitil after a certain time 
the points of conjimction of the series 1,4,7, d:c., 
would have travelled on until they met the series 
3,6,9, &c. ^Jot fewer than 900 years are required 
for this change. 

JS^)w so long as three conjunctions take place at 
any detinite set of ijoints, the effect on the orhits is 
of one kind. As they travel on, the effect is of 
another description (because, from tlie eccentricity of 
their orbits, tlio disianco between the planets at 
conjunction is not the same), and so they go on 
clianging slowly until the points of the scries 1,4,7, 
&c., are extended so far as to join the scries 3,0,9, 
&c.; and then the conjunctions of the two planets 
occur at the same points of their orbits as at first, 
and the effect of each planet in disturbing the 
other is the same as at first; and thus we have the 
same thing recurring over and over etgain for ages. 
During oiie-lialf of each period of 900 years, the 
effect tliat one planet has upon the other is that its 
orbit hiis been slowly clianging, and then, during the 
other hah*, it comes hack to fbe same thing again. 
Suppose tlmt, during half the 900 years, one planet 
has been causing the other to move a little quicker, 
and that during the other half of that 900 years it 
has been causing it to move a little slower; although 
that change may bo extremely small as regards the 
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velocity of tlie planets, yet as that velocity has 460 
yeais to produce its eilect in one way, and an equal 
time to produce its effect in the opposite way, it does 
produce a considerable irregularity. If the place of 
Saturn be calculated on the supposition that its 
periodic time is always the same, then at one time 
its real place will be behind its computed place by 
about one degree, and 450 years later its real place 
win be before its computed place by about one 
degree, so that in 450 years it will seem to have 
gained 2 degrees. The corresponding disturbances 
uf Jupiter are not quite so large. 

These are the most remarkable of all the planetary 
disturbances, their magnitude being greater than any 
other, on account of the magnitude of the x^kii^ets, 
and the eccentricily of their orbits. There are, how¬ 
ever, others of the same kind. One of these was 
discovered by myself; it depends upon the circum¬ 
stance, that eight times the periodic time of the earth 
is very nearly equal to thirteen times the periodic 
time of Venus. 1 am afraid 1 have not convoyed to 
you any very definite notions of these things; but 
the foregoing is, I think, the best that can be dona 
In cases of this kind it is only possible to give a 
glimmering of what I desire to convey. I wish to 
impress upon your minds the ffmdamental circum¬ 
stances on which these remarkable pertiu-bations 
depend, and to what they tend, so that you may be 
able to think and in some measure to investigate for 
yourselves. I would observe that I have attempted 
to do all which I believe can be done in the way of 
popular explanation, in a book which I published 
some years ago, entitled Chramtation^ which was 
le-published as an article in the Penny CyclopoRdm, 

I must however remind you, that I have attempted 
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to explain only one limited class of peiturbationa. 
There are some which may he descrihed aa a slow 
increase and decrease of tlie eccentricities of the 
orbits, and a slow change in the direction of the 
longer axes of the orbits; but there are oth(‘rs of 
which no intelligible account can be given to you. 

In order, however, to bring these tlieorios into 
actual calcidation, it is necessary to know, not only 
the genend tendency of the disturbances, but also 
their actual magnitude. In the perturbations i)ro- 
duced by tlie earth, by Jupiter, and by Saturn, there 
is no dilhculty in doing this. I have already shown' 
you how wo can calculate the number of miles through 
which the esiith’s attraction draws the moon in one 
hour. We are certain, from most careful experiments 
made by Newton and (in the present century) by 
Bessel, that the earth^s attraction draws every body 
at the earth’s surface through the same space in the 
same time; or in other words, tliat a ball of lead, a 
cricket ball, and a feather, fall to the ground 
with equal speed, if the resistance of the air is 
removed. We say, therefore, that the earth’s attrac¬ 
tion would draw a planet through the same space as* 
the moon, provided the planet were at the moon’s 
distance; and for the greater distance of the planet, 
we must, on the law of gravitation, diminish that 
space in the inverse proportion of the square of the 
distance. Now 1 have already shown you how to 
compute the space through wHch the sun draws a 
planet in one hour; and therefore the problem now 
is, to compute the motion of a planet, knowing 
exactly how ixr and in what direcrion the sun wiU 
draw it in one hour, and also knowing exactly how 
far and in what direction the earth draw it in 
one hour. Without pretending to explain to you 
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how this computation is made, it will be evident 
to you that we have thus the bases of accurate 
computation. 

In like manner we can, from observations of 
Jupiter’s satellites, compute how far Jupiter draws 
one of his satellites in one hour, and therefore how 
far Jupiter would draw a planet at the same distance 
in one hour ; and then by the law of gravitation wo 
can compute (by the proportion of inverse squares of 
the distances) how far Jupiter will draw a jdanet at 
any distance in one hour; and this is to be combined, 
in computation, with the space through which the 
sun will draw the planet in one hour. In like 
manner, by similar observations of Saturn’s satellites, 
and similar reasoning, wo can find how far Saturn 
will draw any planet m one hour, and wo can com¬ 
bine this with the space through which the sun 
would draw it in one hour. Thus we are enabled to 
compute completely the perturbations which thoso 
three planets produce in any other planets; and then 
comes the critical question. Do the planets’ motions, 
as computed with these disturbances, agree with what 
*we see in actual observation t They do agree most 
perfectly. Perhaps jhe best proof which I can give 
of the care with which astronomers have looked to 
this matter, is the following: the measures of dis¬ 
tances of Jupitef s satelliteB in use tUl within the 
last 16 years had not been made with due accuracy, 
and in consequence the perturbations produced by 
Jupiter had all been computed too small by about ^ 
part So great a discordance manifested itself between 
the computed and the observed motions of some of 
the planets (especially the small asteroids whose 
orbits ate between those of Mats* and Jupiter, more 
particiilarly Juno), and also in the motions of one of 
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the penodical comets, called Encke’s comet, that 
many of the Gennan astronomers expressed them¬ 
selves douhtful of the truth of the law of gTcivitation. 
I made, and continued at proper intervals for four 
years, a new set of observations of Jupiter’s satellites, 
and I liad the good fortune to find that the satellites 
were furtlier from Jupiter than was supposed, that 
the space through which Jupiter drew them in an 
hour was greater tlian was supposed, and that the 
perturbations ought to be increased by about jJ, part. 
These measures of mine were verified by continental 
observers. On using the corrected pei’turbations, the 
computed and the observed places of the planets 
agreed perfectly. 

For the perturbations produced by Mercury, 
Venus, and Mars, which have no satellites, we 
have no similar foundation for our computations; 
and here we can only go on a method of tritil and 
error. For instance, assuming for calculation that 
one of these planets has as great a disturbing power 
as the earth, we can compute how much it will 
disturb another planet’s motion in every position; 
and if the disturbing power be altered in any pro¬ 
portion, we know that the disturbance of the other 
planet’S' motion will be altered in that proportion. 
We therefore fiLnd by trial what must be the pro¬ 
portion to make the calculated place of the disturbed 
planet agree most exactly with its observed place; 
and then, having settled to our satisfaction the 
measure of the disturbing power of Venus, or Mars, 
&c*, we can try in all subsequent observations 
whether it makes the computed places agree equally 
well It is found that they do agree perfectly well 
' I shall only add to this that the motions of our 
moon are sensibly disturbed by the planet Venu& 
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An iiTCgularity, which had been discovered by obser¬ 
vation, and had puzzled all astronomers for fifty years, 
was expkincd about two years ago, by Professor 
Hansen, of Gotha, on tho theory of gravitation, as 
a very curious eflect of the attraction of Venus. 

We have thus a mass of irresistible evidence to 
prove that the attractions of the sun upon the planets 
and upon our moon, of tlie planets upon their sateh 
lites, and of the planets one upon another, do follow 
the law of gravitation. But now conies another 
question: how do we know that these attractions 
are produced by every particle of matter in each of 
these difierent bodies, as is asserted by the law of 
gravitation ? To prove this, I must refer you to a 
totally difierent set of computations and ohsen ations. 
I must make a comparison of. the results of theory 
with the facts of ol^ervatiou, in some of the cases 
in which it is necessary to consider one body as 
attracting separately every particle of another, or to 
consider every particle of one body as sej^arately 
attracting another body, or to consider every particle 
as separately attracting every particle. 

The first subject to which 1 shall allude, is the pre¬ 
cession of the equinoxes and nutation, which are pro¬ 
duced entirely by the attraction which one body (the 
Bun or the moon) exerts separately upon every separ 
rate particle of the earth. Upon liiese I have already 
spoken, (page 175); and there will he no need for me 
to detain you further at present, because you will have 
been sufficiently aware that there is genei^ conformity 
between the re^ts which 1 obtained upon l^ewton’s 
theory and tho results obtained by actual observation. 
With regard to the numeric^ agreement, I shall make 
some remarks presently, when I speak of the mass of 
the moon. 
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I will now speak of the elliptieity of the earth ; 
and this, it will he found, is a case in which it is 
necessary to consider every particle as attracting 
every particle. First of all, you will rememher that 
when the hoop, Figure 23, is put in motion round 
the vertical spindle, it changes its form. Now in 
order to explain this, there is a term commonly used 
which I Lolieve I have not in these lectures hitherto 
uttered; the reason is, that I do not like it; I 
allude to the term “ centrifugal force.” In order to 
explain why this hoop expands horizontally when it 
is whii’led round the vertical axis, I must rocal to 
your minds the first law of motion. Xhe first law of 
motion as applied to the hoop is this: if the part a 
of the hoop is put in motion horizontally, it would 
go on in a horizontal straight line if it could. No 
matter what may be the nature of the force which 
puts a in motion, it has no tendency to move in a 
circle; and if it were set fi^ee, as a stone &om a sling, 
it would immediately fly off in a straight line. And 
by motion in a straight lino, it would go further and 
further still from the central bar. In order to keep 
it at the same distance £x)m the central bar, a 
restraining force is necessary. The term ‘‘centri¬ 
fugal force” has been used to express the tendencies 
of the various parts of that hoop to acquire greater 
distances &om the central bar. It is a bad term, 
because in reidity there is no force. Perhaps it 
would be better to say “ centrifugal tendency,” ten¬ 
dency to recede from the centre, which will in all 
cases require a force to control it. Now this centri¬ 
fugal tendency tends to change the figure of the 
earth; but the consideration of the centiifugal ten¬ 
dency alone is not sufficient to give us the means of 
calculating what the form of the earth will be. 

B 
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Xewton was the first person who made a calcula¬ 
tion of the figure of the earth, on the theory of 
gravitation. He took the following supposition as 
the only one to which his theory could he applied : 
he assumed the earth to be fiuid, or at least to be 
so far fluid in all parts below the surface that its 
form would he the same as if it were entirely fluid. 
Tills fluid matter he assumed to bo equally dense in 
every part, so. that it was composed of no heavier 
matter at the centre than at the circumference. For 
trial of his theory, he supiiosed the fluid eaHh to 1)0 
a spheroid; he then computed the attraction of the 
whole spheroid upon every one of its component 
particles of fluid \ with this he combined the centri¬ 
fugal tendency; and then he examined whether, by 
giving a proper degree of ellipticity to the assumed 
spheroid, the forces computed on this supjiosition 
would bo such as would keej) the fluid iu the 
spheroidal form which he had supposed to bo the 
earth’s form. Now upon the theory of gravitation it 
is evident that the attraction of a sphere is not the 
some thing as the attraction of a spheroid. It is 
necessary to compute what the attraction of this 
spheroid is, before we can enter into the effect of its 
combination with the centrifugal tendency. This is 
the result: suppose that the sjjheroid All, Figure 61, 
is,not revolving at all; still even in that case the 
attraction of the spheroid upon a body at the part A 
of the earth is greater than the attraction upon a 
body at the part B of the earth. But besides this, 
when we sup])ose the earth to revolve round the axis 
Aa, there is the centrifugal tendency of which I have 
spoken, which does not affect the body at the part A 
of the earth in the axis of rotation, but which affects 
the body at B at a groat distance from the axis of 
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rotation. We have to consider then that at the 
Poles of the earth there is an attraction which may 




Fig. 61. Fig. 02. 

be computed when we assume tliat the earth is in 
the form of a spheroid; and at the erpiator tliftro is 
aif attraction wliich may also be computed, and is 
found to be smaller than that at tlie Polo, and 
which is still further diminished })y the centrifugal 
tendency. 

Tims the whole effective attraction at the Pole is 
sensibly greater than the whole effective attraction 
at the eqiuitor. This is not unfraquently expressed 
by saying that “a body weighs more at the Pole 
than at the equator.” And this statement is conx'ct, 
if it be received with the pro^w caution. K we 
carried a pair of scales with proper weights from the 
P(»le to the equator, the sfimo weights which balanced 
a stone at the Pole would balance it at the equator, 
because the effect of gravity on both is altered in the 
s:nne dogi*ee. But if wo carried a spring-halauce 
from the Pole to the equator, the spring would bo 
more bent by the weight of the same stone at the 
Pole than jit the equator. There is also another 

B 2 
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effect, to wliich I shall shortly allude, that a stone 
would fall further in one second at the Pole than at 
the equator. 

Having computed the effective attractions at the 
Pole and at the equator, wo must now examine what 
is the consideration to he applied in order to discover 
whether, with a certain supposition of oUqiticity of 
the earth, this homogeneous fluid will be in equili¬ 
brium. The way in which Sir Isaac Newton pro¬ 
ceeded is the same as that adopted by eveiy other 
person who treats of the theory of ffuids. You may 
conceive a cylindrical tube AE, open at both ends, 
to be put down from the Polo to the centre. Sup¬ 
pose you put down a similar pipe HE from the 
equator to the centre; and suppose that they com¬ 
municate at the centre E—those imaginary pi]>es will 
not at all disturb the state of rest of the fluid, if it 
be at rest—^by means of each of these pipes wo shall 
ascertain the state of pressure of the ffuid at the 
centre E. lly the “ state of pressure” I mean the 
measure of that cmipressimt of the fluid at E, wdiich 
would enable it to burst any shell that enclosed it at 
E, if thei’e were no opposing pressure on the outside 
of the shell; and this measure is to be understood as 
expressed by so many pounds per square inch ; just 
as we measure the pressure of water in the cylinder 
of a Eramah’s press, by so many pounds per square 
inch, meaning by that, the pressure on every square 
inch of its case, tending to burst ih 

Now in onler to find the pressure produced by the 
fluid in the column AE, it is not sufficient to ^ow 
the length of that column, but we must also know 
the attraction which acts on every part of it. In 
ordinary cases we speak of the> pressure of a head 
of wato ” and we measure it by the depth of the 
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■water, and that measure is accurate, because gravity 
acts equally on all the water in such depths as we 
liave to treat of in ordinary cases; hut if there were 
any jMirt of the water on which gravity did not act 
at all, that part would add nothing to the pressure; 
or if there were any part on which gravity acted with 
only half its usual force, that part would contribute 
only lialf its proportion to the pressure. We must 
therefoie ascertain, not only the lengths of different 
parts of the columns of fluid AE and BE, but also 
the i)roporti(ms of the attractions acting on those 
different parts. 

Kow we have just seen that the attraction, as 
diminished by the centrifugal tendency, is loss at 
J3 than at A; and I may now state as a result 
of mathematical investigation, that the attraction 
diminished by the centrifugal tendency is loss at the 
middle of Ell than at the middle of EA, and so at 
ever}’ (son'csponding part of their lengths. Therefore 
when wo estimate, the pressure produced hy the fluid 
in the column AE, wo have to consider that there is 
a shoit column of fliiiil, of which eveiy part is pulled 
downwjirds hy a large attraction; and for the column 
BE, we have to consider that there is a longer 
column of finid, of which every part is pulled down- 
wai’ds hy a smaller attraction. And therefore (on 
the principles which I have just explained in refer¬ 
ence to a head of water) hy choosing a proper ellip- 
ticity for the spheroid, or in other words, choosing a 
proper proportion of length of the columns AE and 
BE, the pressures per square inch which these 
columns produce at the centre E may ho made 
exactly equal 

And now comes into account the ^indamental 
property of fluids, namely, the equality of pressure 
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is all directions. Wlien tlie fluid is in a state of 
rest, tlio pressure per square incli at E mitsf he the 
same, whether it is estimated by the pressure which 
it exerts in sustaining the column EA, or by the 
l)ressuTe which it exerts in sustaining the column 
EB. This is the fundamental property of fluids, 
upon whicli (as a matter of science) 1 shall not speak 
at greater length ; I shall merely remind tlioso who 
have to do with steam boilers, or Biumah’s presses, 
or other engines in which fluids are in a state of 
violent coiiqjrcssion, that there is equal tcmlency to 
biu'st upwaixls, dowiiwanls, or sideways. Therefore 
when we have gone through the investigation, taking 
into account what is the attraction of the spheroid 
on every i)art of the fluid in each column, what is the 
amount of the centrifugal tendency in eacli part of 
the column in EB, and what is the length of each of 
the pipes, on an assumed elKpticity of the eartli; and 
when we have thus found, by considering (^ach jjipe ■ 
separately, the pressure at E where the two pipes 
join, we must liave the two pressures e<p.iaL And if 
the oUipticity which we have assumed for the earth 
will not make these two pressures equal, Ave shall 
know that is a wrong eUipticity, and Ave must try 
another, till wo find one which Avill make the pres¬ 
sures equal. If we use a proper algchndcal })rocess, 
wo can diminish the trouble of this so flir as to 
reduce it all to a single trial; but still tlie principle 
of the process is exactly the sama And Avhen Ave 
have found one eUipticity which does make the 
pressures equal, we are sure that we have got the 
right elli}>ticity for the earth ; stUl limited, liowcver, 
by our original supposition, that the earth is a fluid 
of equal density in every part, and is not more dense 
at the centre than near the suiflice ; and if that 
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original supposition be wrong, our conclusion will be 
wrong. 

It was in tliis manner, assuming the cjirtb to be a 
fluid no more dense at the centre than near the sur¬ 
face, and proceeding in cTery way as I have described, 
that Sir Isiiao I^'ewtun infen^d that the form of the 
Ciirth would bo a sidieroid, in which the length of 
the shorter diameter or axis on which it turns, is to 
the leugfli of the longer or equatoreal diameter, in 
the proportion of 220 to 230. And this, perha])s, 
may be considered as tine of the most wonderful 
investigations in modern science. 

With tills 2 irop()rti()n, Jis you will have perceived, 
is intimately eonnet^ted the projiortion of gravity at 
A and E, that is to say, of the attraction at A to tlio 
attraction diminished by centrifugal tendency at E. 
You must accejit it as a result of mathematical in¬ 
vestigation, of which T can give you no further 
explanation at jireseut, that if you compare a point./ 
in the lino EA, with a iioint g in the line EE, such 
that li/: EA :: E// : EE, you then find the whole 
efleetivo forec' at /, to bear the same iiroi^ortion to 
the whole effective force at which tliat at A bears 
to that at E. You must also remember wliat I liave 
said about the pressure at E depending not only on 
the length of the jiressing column of fluid, but also 
on the effective force upon each part of it. Then you 
will easily see that the effective force or gravity at E, 
must be to the gravity at A, in the proportion of 229 
to 230. All this depends on the supposition that 
the fluid is of equal density throughout, 

Tlie next point is, how can we verify this by 
observation? How can wo find whether a body 
appears heavier upon one part of' the earth than 
upon another ? I have already said, that it will not 
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do to take a pair of scales and weigh the hody with 
weights. The next suggestion is to weigh it with a 
spring-balance. It is not beyond possibility that 
a spring-balance might be made which would M 
sufficiently delicate for this purpose. The principal 
difficulty perhaps would be experienced in over¬ 
coming the effects of change of temperature in alto- 
ing the elasticity of the spring: but if this could be 
done, and if the spring-balance otherwise could be 
constructed with very great delicacy, the grarity at 
different parts of the earth could be compared. But 
the method which actually is used for this purpose, 
is one depending on the effect of gravity in pi*odu- 
cing motion. Theoretically, this effect of gravity may 
bo measimid by observing how far a stone ffdls in 
one second; but practically it is more accurately 
ascertained by the use of a pendulum. Tins is sus¬ 
ceptible of very great accuracy indeed. 

The pendulum is made of metal; it turns with a 
hard steel prism, having a veiy fine edge, upon hard 
plates of agate, or some very hard stone. It swings 
like the pendulum of a clock. But you must ohserve 
that a clock pendulum wiU not do for this piupose, 
hecause there are other forces besides gravity acting 
on the pendulum, that is to say, the clock weights 
acting through the train of the clock wheels. It is 
necessary to have a detached pendulum. Kow I wish 
to know how many vibrations that pendulum would 
make in a day. It is troublesome to find it out. 
Possibly the pendulum will not swing for a whole 
day. 

In the experiments made in an expedition directed 
by the Spanish Government, a man was stationed on 
each side of the pendulum, to count 60 vibrations at 
a time; and they continued to count the vibrations 



ZECTmE VL 


249 


as long as the pendulum continued sensibly in motion. 
When they had got through a great number of 60*8, 
tliey obseiTcd the time which a clock sliowed. It 
was a very tedious method indeed. 

In eveiy other instance in modem times, the vibra¬ 
tions of the detached pendulum liave been ('.ompared 
with the vibrations of a clock pendulum. Tlic mode 
adopted in the English and Erench expeditions was 
this: a detaclied pendulum is placed in front of a 
clock; a person is watcliiiig with a telescope; he 
watches when the two pendulums are going the same 
way; he remarks whether the vibrations of the de¬ 
tached pendulum recur quicker or slower than those 
of the clock pendulum; he sees that the vibrations 
separate more and more, till the two pendulums 
actually move in opposite ways; after tins, they begin 
to move more nearly in the same way, and at length 
move exactly in the same way; j)orhaps the nunihcr 
of vibrations elapsed between these two agreements 
of motion may bo 500. If you can determine the 
time when the two pe ndulums swing the same way, 
you find how long it is before one pendulum gains 
two vibrations iqion the other. Then the calculation 
is this : suppose that the detached pendulum is going 
slower than the clock pendulum; and suppose tliat 
7-J minutes elapse between two agreements of motion 
of the pendulum; then this shows that while the 
clock has gone minutes, or while its pendulum 
has made 450 vibrations, the detached pendulum has 
made only 448 vibrations. Now, the clock is going 
day and night, and by means of observation with the 
transit instrument, you can find how many hours, 
minutes, and seconds, the clock hands pass over in 
one day, or how many vibrations the clock pendulum 
makes in one day. Then, as the detached pendulum 
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makes 448 vibrations for every 460 made by tbe clock 
pendulum, you find at once bow many vibrations the 
detached pendulum makes in 24 hours. 

Some corrections for the effect of temperature in 
altering the length of the pendulum, and for other 
circumstances, are necessaiy; but I cannot enter upon 
the details of these at present. Tlie method which I 
have described is exceedingly delicate. There is no 
difficulty in ascertaining by it. the number of vibror 
tions which the detached j)endulum will make in a 
day, with no greater cm)r tljaii one-tenth of a vibra¬ 
tion, or with an error not exceeding one eight-hundred- 
thousandth ptut of the whole. 

This same pendulum is then carried to different 
parts of the eaith, and is observed at every place in 
the same manner and with the same accuracy. The 
most impoitant of our modem expeditions ■wei^^ those 
conducted by (loloncl Sabine and Captain J'oster. 
Each of these officers was entrusted by the ( lovern- 
ment ■with a sliip, for the puri) 08 e of going to different 
parts of the cai’th, in order to observe the same j)i;n- 
dulums at diireront places. Colonel Sabine went as 
far as a point in Spitzbei^en, near the Pole; and 
both offioei-s went to many places near the equator; 
to the West India Islands, to South America, and to 
South Africa. In tliis manner it was found that the 
number of vibrations which a pendulum makes per 
diem is not the same in different jDarts of the earth. 
When near the Pole, the pendulum makes about 240 
vibrations in a day more than when near the equator. 
It is easily seen that this is a consequence of the force 
of gravity being greater there. If gravity be very- 
small in(Ued, the motion of the pendulum ■wUl bo 
exceedingly sluggish. The greater is the force of 
gravity which acts upon a pendulum when out of its 
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central position, the more briskly it pulls the pen- 
duliuii down towards its central position, and the 
shorter time is occupied by every vibration, and tlio 
greater is the number of vibrations made in one day. 
Thus we have the means of measuring the gravity at 
dilierent ])ai'ts of the eartL 

Now, the practicjil inferonce fixim the cxperinicnts 
is this ; the projiortioii of the force of gravity at the 
Pole to the force of gmvity (tlmt is, attnudion dimin¬ 
ished by tJie centrifugal tendency) at the e([uat()r, is 
not as ’21)0 to 22D, iis Newton stated, but is very 
nearly the ])i*oportion of 180 to 179. Now, hero wo 
liave a iviuiudvable dejiartiu'c from Newton’s results, 
lie proved that, if the earth wore of etpial density 
tliioiighout, the pi-oportion of the two axes would be 
as 220 to 230 ; and the proportion of gravity at the 
Pole and th(j etpiator would be as 230 to 229. ‘NV'o 
find, from trigonometrical surveys, and observations 
with the Zenith Sector, as you may remember, tliat 
the proportion of the earth’s axis is as 29!) to 300; 
and we have now found, from expeiiinents with the 
penduliiiii, that the projjortioii of giuvity at the Pole 
to graA'ity at the equator, is as 180 to 179. Tliis 
sho^vs that NeAvton was wrong. 

The question then is, in Avhat avjis he Avrong? 
Noav, it must he remarked, that Newton’s calculation 
was founded entirely on the supposition that the earth 
is of equal density throughout. "When wo consider 
the matter, it is very unlikely that, if the interior of 
the earth is fluid, its density is equal in every part. 
Acconlingly, in the last century, investigations Avero 
made, supposing the earth to be of diflerent densities 
in dilforent parts, and specially tbat the density in¬ 
creases as we approach nearer to the centre. The 
principal investigation (to which, in flict, nothing 
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important has heen added in later times) was made 
by an eminent French mathematician, named Clairaut 
TIio siipi>osition on which he went (and which is really 
the only Idnd of supj)osition to he made at all in this 
investigation) was, that the earth consists of strata of 
different densities, hut that each stratum is in some 
degree elliptical; the ellipticity of one stratum being 
difiereiit from that of another; and the investigations 
leave these ellipticities to he determined by conside- 
lations connected with the equilibrium of fluids. 

For instance, in Figure 62, setting aside the water 
and floating matter on the top; suppose tliat F is the 
region of kva, if you please, that G is the region of 
melted iron, and that H is the region of melted pla¬ 
tinum. Suppose you conceive one tube to bo drawn 
from the Pole, and another from the equator, meeting 
at E; you make this a condition, that when you have 
investigated properly the gravity, (arising from the 
attraction of eveiy particle of the spheroid upon any 
one particle, and modified by the centrifugal tendency 
from the axis Aa,) acting on the different substances 
at the different parts of these tubes, and when you 
have found the pressure of the fluids in the various 
tubes, by taking into account these several circum¬ 
stances—^the gravitation, with the centrifugal tenden¬ 
cies, the lengths of the different portions of the pipes, 
and the density of the fluid in each of those portions 
of the pipes on which the forces are acting; when 
you have taken these into consideration, you find the 
pressure of the fluid at the place E where the two 
pipes meet; then, by the principle of the equality of 
the pressures of fluids in all directions, you must have 
the two pressures at E equal, or the fluid will not be 
JR a state of rest. Suppose then, that we have as¬ 
sumed such a degree of ellipticity for the external 



ZECTXmE VL 


m 


surfaco of tlio earth, and such ellipticities for the dif¬ 
ferent strata, that this condition of equality of pressure 
at E is satisfied; still we have not done all tliat is 
nccesaaiy. It is necessary that, if we suppose two or 
more tubes of any shape whatever, drawn from any 
points of the surface to any point of the fluid, as for 
instance the ijoint K, or the i)oint L, in Figure G2, 
tlie in’essiucs at K produced hy the fluids in the dif- 
lerent tubes abutting at £ shall be equal ; and simi¬ 
larly, that the pressures at L produced by the fluids 
in the diflereiit tubes abutting at L shall be equal 
These considerations make the problem rather 
complicated. However, it can be completely solved, 
whatever bo the succession of densities of the different 
strata; and the result is this. According to the law 
of density of the successive strata, the law of the 
ellipticities of the successive strata would bo difierent, 
and the amount of the ellipticity of the earth’s surface 
would be different. Exc(jpt you know what is the 
structure of the interior, you cannot say what the 
ellipticity of the earth will be; but whatever that law 
of intcsmal stmetun^ may be, you can say that there is 
a certain relation between the ellipticity of the earth 
and the degree of alteration of gravity from the Poles 
to the eciuator. Suppose you take a vulgar fraction 
to express the proportion of the whole diameter by 
wliich the earth is flattened at the Poles, and suppose 
you take another vulgar fraction to express the pro- 
jjoiiion of the whole gravity by which the gravity is 
diminished as you go from the Poles to the equator; 
if you add the two fractions together, whatever be 
the succession of densities of die different fluid strata 
of the earth, the sum of those two fractions will 
be tt,. This particular value ijj depends upon the ve¬ 
locity of the earth’s rotation: if the earth revolved in 
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a longer or shorter time than 24 hours of sidereal 
time, the sum must he a different quantity. 

Wo are enabled thus hy the pendulum experiments, 
whieh give us the law of change of gravity, to infer 
what is the eUipticity of the earth, provided the law 
of gravitation be true, (for that has been the basis of 
the whole investigation). When, by means of the 
pendulum, we have got the variation of the law of 
gravity, we have only to express it by a fraction, and 
to subtract that fraction from and wo get another 
fraction which expresses the compression of the earth, 
or the difference between the two axes divided by one 
of them. And if the comimession or ellipticity of the 
earth which we find hy this process (depending en¬ 
tirely on the law of gravitation) agrees mth that 
which we find from trigonometrical surveys and the 
nse of the Zenith Sector, (in wliich the law f)f gmvi- 
tatioiL is not concerned at all,) this will b(» a strong 
proof of the correctness of the law of gniviiation: 
Now, the proportion of gravity at the Pohis and the 
equator is found to he about 180 :179, so tiiat the 
diminution of gravity in going from the Poles to the 
oqimtor is about jjart. And if W'e subtract the 
fraction from the fiviction the icmaintier scarcely 
differs from showing that according to this thooiy 
the ellipticity of the earth ought to he .ij, or the propor¬ 
tion of the earth’s diameters ought to he as 300 : 299. 
And this is exactly the same proportion which has 
been found from triangulation surveys and Zenith 
Sector, as described to you in a former lecture. This, 
therefore, is a veiy remarkable proof of the correctness 
of the theory of gravitation, when applied with proper 
attention to all the circumstances. 

There is another very curious method of deter¬ 
mining the ellipticity of the earth, which also depends 
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upon the theoiy of gravitation. I liave said that the 
attraction of a spheroid upon any external T)ody is not 
the Slime as the attraction of a sphere; and therefore 
the attraction of the earth upon the moon is not the 
same as if tlio earth was a sphere. There is therefore 
a smidl in'egularity in the motions of the moon 
depending on the earth's ellipticity; and it is very 
remarivahle that, wliatevcr he the succession of densi¬ 
ties of the strata of the earth, this ii regularity is found 
upon the theory of gravitation to depend upon nothing 
hut th(‘ elli])ticity of the i^aitli’s surface. And there¬ 
fore, if we oljserve the moon’s motions so carefully as 
to discover the amount of this irn'gularity, and if we 
make the propter calculation from it, we can find the 
ellipticity of the earth. The elli])ticity thus deter¬ 
mined agrees well with that found from the surveys : 
and thus another proof is given of the correctness of 
the theory of gravitation. It may not ho amiss to 
state here tliat the motions of Jupiter’s Satellites are 
much disturbed hy the ellipticity of Jupiter’s hody. 

There is another infeitmce trom those theoretical 
investigations of the figure of tlic cju*th, wliich it is 
projier t<.» mention. Though we do not know what 
the law of the earth’s internal structure is, yet we can 
assuino some law of densities of successive strata grad¬ 
ually changing from the surface to the ccnti*e whicli 
sliall give a value for the earth’s ellipticity agreeing 
with the results which I have mentioned : and from 
this kw we can find what the mean density of the 
earth is. The inference was thus made hy Clairaut 
and liis successors, that the mean or average density 
of the earth is about twice as great as at the surfiice, 
and that in some parts at and netir to the centre, the 
density must ho considerably greater than tliat mean 
density. Bemaiking that the mean density of the 
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earths and rocks at the earth’s surface, taking one 
with another, is about twice and ^ that of water, it 
was inferred that the mean density of the earth is 
more than five times the density of water. After 
this, another experiment was made, applying to the 
determination of the earth’s mean density. 

I liave mentioned the liberality of Geoige the Third 
in supplying funds for the observation of the transit 
of Venus. The same monarch (as 1 believe) supplied 
the funds for another experiment of great importance; 
it was the SchehaUien experiment. Probably some 
of my auditors who have travelled in the highlands 
of Scotland, have seen the SchehaUien Mountain; 
it may be observed from the banks of Loch Tay. If 
you go from Killin to Taymouth, it is on the left 
hand. Now this mountam was selected for observa- 
tions of a very remarkable kind. It was argued that 
if the theory of gravitation were true, (tliat is to say, 
if attraction weie pioduced not by a tendency to the 
centre of the earth, or to any special point, but to 
every particle of the earth’s structure,) then by the 
fundamental law of gravitation, the attraction of a 
mountain would be a sensible thing; for a niouutain 
is a part of the earth, with this diiference only, that 
though the mountain is small in comparison with the 
earth, yet you get so close to the mountain, that its 
eifect may be very sensible as compared with the 
elTect produced by the rest of the eartlL Some parts 
of the earth are 8,000 miles from us, and their attrac¬ 
tion will be compamtively small It was therefore 
thought worth while to ascertain whether the attrac¬ 
tion of a mountain would be sensibly felt; and the 
SchehaUien' observations were a noble experiment 
towards the attainment of that result 

The SchehaUien Mountain ranges east and west; it 
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was possible to maike astronomical observations on 
tlie north and south sides; and it was also possible 
to connect the two places of observation by triangu- 
latiou. Supposing Figure C3 to represent a section 



Fig. 63. 


of the mountain north and south, N" the northern, S 
the southern observing station. (Observations wei-e 
made at hi and S upon stars with the Zenith Sector; 
the same instrument of which wo have spoken so 
fretpiently, in leferonce to the detennination of the 
elements of the earth’s iigure. 13y the use of the 
Zenith Sector, the diiference of the directions of 
gravity at these two stations was found, exactly in 
&Le same manner as the difference of the directions 
of gravity in two stations of a .meridional survey, 
Figure 18. 

Tlie direction of gravity at each station, you will 
observe, is the result of the gravity of the whole earth 
(as considered for a moment independently of the 
mountain), combined with the attraction of the 
xnoimtain. And this is the consequence; supposing 
that at 17, if there were no mountain, the diroction 
of gravity would be HE; then introducing the 
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supposition of tlie mountain, the attraction of the 
mountain would pull the plumb-line side ways 
towards the centre of the mountain, and the direc¬ 
tion of the gravity would be Ke. And in like 
manner, supposing that if there were no mountain, 
the direction of the gravity at S would be SF; then, 
introducing the mountain, the effect of its atf^tion 
is to pitll the plumb-line towards the centre of the 
mountain, and the direction of gravity would be S /. 

Observe, then, the effect of tlie mountain; at 
the direction of gravity is Nc instead of N£, and at 
S, the direction of gravity is S/ instead of SF; that 
is to say, the two directions wliich are taken by the 
plumb-hne of the Zenith Sector, make a greater angle 
than they would if the mountain were not there. 

Now, then, we come to the thing which we have 
to tiy. We know the general dimensions of the 
earth; we know what the inclination of the plumb- 
line at N and S would bo if there were no mountain 
in the case. We know that this is a general rule : 
if we step 100 feet (nearly) forward, the direction of 
the plumb-line changes one second. If, then, we can 
find the distance from our observing station at N to 
that at S, then we can tell from that distance how 
much the directions of the plumb-line at N and S 
would be inclined if there were no mountain; and 
we can compare that inclination with the inclination 
observed by means of the Zenith Sector. 

Accordii^y, the observations were made in exactly 
the same manner as the observations made for deter¬ 
mining the figure of the earth. The Zenith Sector 
was carried to N, and certain stars were observed; 
the Zenith Sector was then carried to S, and the 
same stars were observed at that |)lace. By means of 
these obsOTations of the stars, the actual inclinations 
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of the plumb-line ut the two places were found. The 
next thing done was to cany a survey by triangu¬ 
lation across the mountain. This was done in the 
most careful way in which the best surveyors of the 
time could accomplish the task. The result was, 
that tlie distance between the stations was found 
such that, supposing that there was no mountain in 
the case, the inclination of the two plumb-lines 
ought to be 41 seconds. It was found practically from 
the observations by the Zenith Sector, that the incli¬ 
nation of tlie two plumb-lines actually was 63 seconds. 

The difference between the two was the effect of 
the mountain. The mountain had pulled the plumb- 
line, at one station in one direction, and at the other 
filation in the opposite direction, to such a degree, 
that instead of the two plumb-lines making an angle 
of 41 seconds, they made an angle of 63 seconds; or, 
in other words, that the sum of the etfecjts of the two 
attractions of the mountain, on opposite sides, was 12 
seconds. ^ 

The next thing was, to draw from this observation 
a determination of the mean density of the earth. 
The general form of the process was this: the moun¬ 
tain was surveyed, mapped, levelled, and measured, 
in eveiy way, so completely, that a model of it might 
have been made; it was then (for the sake of calcu¬ 
lation) conceived to be divided into prisms of various 
forms : the attraction of every one of these was com¬ 
puted, on the supposition that the mountain had the 
same density as the moan density of the earth; and 
by means of this, the attraction of the whole 
mountain was found on the same supposition. 

Thus it was found, that if the density of the 
mountain had been the same as the mean density of 
the earth, the sum of the effects of the attractions of. 

s 2 
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Uie mountain at N and S would liavo Leon about 
part of gravity. But the observed sum of efiects 
was 12 seconds, which coiTesponds to of 

gravity. Hence the density of the mountain is only 
about 5 of the eaiWs mean density j or the earth’s 
mean density is nearly double of the mountain’s 
density. The nature of the rocks com])osing the 
mounbiin was cai'efully examined, and their density 
as compared with that of water was ascertaine<l; and 
tlms the mean density of the earth was found to be 
sometJiing loss than live times the density of wahir : 
a ixisult agreeing nearly with that found from tlje 
a8Sum])tion of tlie Isiw of density of the earth’s stiata, 
connected with tlie observed variation of gravity, 
and obseiTed elli 2 )ticity. 

This was the nature of tlie celebrated Schehallien 
experiment, which was so extremely creditable to the 
parties by whom it was inomoted and undertaken, 
and so important in its results. 

After tliis another set of experiments was made; 
first by Mr. Heniy Cavendish, a rich man, much 
attiiched to science, and who made many im])ortnnt 
contributions to chemistry, and other branches of 
natimd philosophy (from whom the experiment of 
which I am spcjiking received the name of the 
Cavendish Experiment); afterwards by a Dr. Iteich; 
and linally, in a very much more complete way, by 
Mr. Emneis Baily, as the active member of a com¬ 
mittee of the Astronomical Society of London, to 
whom funds were suppHod by the British Govern¬ 
ment. It is an experiment of a different kind—a 
sort of domestic experiment—one of those experi¬ 
ments which can be made in your own observing 
rooms at home, and which are, in many respects, 
preferable to those mide on the hiU sides of Scotland. 
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The shape in which the apparatus is represented 
in Figure 64, is that in which it was usp<1 hy Mr. 
Baily. Them are two small halls A,B, (generally 



about two inches in diameter,) carried on a rod ACB, 
suspondcil hy a single wire J)K, or hy two wires at 
a small distance Iroji: each otlior. ]>y means of a 
telescope, the positions of these halls were observed 
from a distance. It was of the utmost consequence 
that the observer should not go near, not only to 
prevent his shaking the appamtus, but also because 
the warmth of the body would create currents of air 
that would disturb overytliing very much, even 
though the halls were enclosed in double boxes, 
lined with gilt paper, to prevent as much as possible 
the influence of such currents. When the position 
of the smiiU balls had been observed, large balls of 
lead F,G, about twelve incJies in diameter, which 
moved upon a turning frame, were brought near to 
them; but still they were separated from each other 
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by balf-aKlozen thicknesses of deal boxes, so that no 
effect could be pi'oduced except by the attraction of 
the lai^e balls. Observations were then made to see 
how much these smaller balls were attracted out of 
their places by the large ones. By another move¬ 
ment of the turning frame, the larger balls could be 
brought to tire position HK. In every cose, the 
motion of the small balls produced by the attraction 
of the larger ones, was undeniably apparent. The 
small balls wore alwa^’^s put into a state of vibration 
by this attraction; then by observing the extreme 
distances to which they swing both ways, and taking 
the middle place between those extreme distances, 
we find the place at wliich the attraction of the large 
bolls would hold them steady. 

Suppose, now, tlie attraction of the lai^e balls was 
found to pull the small balls an inch away froiu their 
former place of rest: then comes the question—^what 
amount of dead pall does that show % The steps by 
which tliis is computed are curious. 

First I must tell you that it has long been known 
(from experinient), that when a rod carrying balls 
is suspended in this manner by a wire, the space 
through which the balls will be pulled sideways is 
exactly in proportion to the force wliich pulls them 
sideways. In this respect, the law of forces acting 
on the suspended rod, is exactly similar to the law 
of forces acting sideways on a pendulum vibrating in 
a moderately small arc, for the motion of a pendulum 
is thus produced. If the pressure caused by the 
weight of the pendulum-bob, which acts vertically, 
is resolved into two ports, of which one part is in the 
direction of the pendulum rod, and the other acts 
sideways upon the pendulum, the former does not 
affect the movement of the pendulum at all, and the 
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latter, which produces the movement, is proportional 
to the distance of the pendulum from its place of 
rest, and therefore is a irnil ar in its law to the law of 
the force of twist of the suspending wire by which a 
rod with balls is supported (which force of twist is 
the same thing as the force which pulls the balls 
aside, because it exactly resists tliat force). Moi'e- 
over, the force which acts sideways on the pendulum- 
bob, is in the same proportion to the whole weight 
of the bob, as the displacement sideways is to the 
length of the pendulum. 1^’ow the length of a pen¬ 
dulum which vibrates in a second, is 39*139 inches; 
and for such a pendulum, if it is pulled one inch 
sideways, the dead pull sideways (as I have just &s^ 
plained) w'ill be part of its weight: .and thus 
wo know that, for any balls or other things which 
vibrate in one second, the dead pull sideways corre¬ 
sponding to an inch of displacement is part of 
their weight. 

Tlien it is known as a general theorem regarding 
vibrations, tliat to make the vibmtions t\vice os slow, 
we must have forces (for the same distances of dis¬ 
placement) four times as small; and so in praportion 
to the inverse square of the times of vibration. Thus 
if bolls or anything else vibrate once in ton seconds, 
the dead pull sitleways cori*esponding to an inch of 
displacement is of their weight So that, in fact, 
all tliat we now want for our calculation, is the time 
of vibration of the suspended balls. This is very 
easily observed; and then on the principles already 
explained, there is no difficulty in computing the 
dead pull sideways coii'esponding to a sideways dis¬ 
placement of one inch; and then (by altering this in 
the proportion of the observed displacement, what¬ 
ever it may be) the sideways dead pull or attraction 
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corresponding to any observed displacement is readily 
found. The delicacy of this method of observing 
and computing the attmetion of the large balls may 
be judg^ &om this circumstance: that* the whole 
attraction amounted to only about of the 

weight of the small balls, and that the uncertainty in 
the measure of this very small quantity did not 
amount probably to or ^ of the whole. 

Then the next step was this: knowing the size of 
the largo balls and their distances • fix)m the small 
balls in the experiment, and knowing also the. size of 
the earth, and the distance of the small balls from 
tlie centre of the earth, we can calculate what would 
J)e the proportion of the attraction of the huge balls 
on the small balls to the attraction of the . earth on 
the small balls (that is the weight of the small balls), 
if the leaden balls had the same density as the mean 
density of the cartlu It "was found that this would 
produce a smaller attraction than that computed from 
the observations. Consequently, the mean density 
of the earth is less than the density of lead in the 
same proportion ; and thus the mean density of the 
earth is found to be 5*67 times the density of water. 

The near agreement of tliis result with that found 
from the Schehalhen experiment, and that found 
fi’om the theoiy of the figure of the earth, (taking the 
observed ellipticity of the earth in combination with 
such a law of density as would produce that ellip¬ 
ticity,) shows, beyond doubt, that the same law. of 
gravitotion which regulates the attraction of the sun 
upon the planets, and the attraction of the earth upon 
the moon, does also apply to the attraction of a leaden 
ball upon another ball within a foot of it. In regard 
to the slight difference of results, it is probable that 
the result of the Cavendish experiment is the more 
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accurate of the two, simply hecause there is always 
some uncertainty upon the constitution of tlie rocks 
anti mineral veins forming the interior of such a 
mountain as Schehallien.* 

I have gone into this subject, “the evidence for 
the theory of gravitation,” at some length. First, 
bec/iusc the Law of gravitation is the most extensive 
in its application of all known laws; for we are 
certain that it a]>plies to every body, and to every 
portion of a body, in the Solar System, and we have 
stri^ng reason to believe that it applies to the mutual 
action of those stars which are observed to revolve in 
hinaiy systems, tlie two stars revolving each round 
thrs other. Secondly, hecause the exphination of the 
liicthods of calculating its effects, in seviiral instances 
of varied character, leads us to the consideration of 
several very interesting principles and ai)]>lic.ations of 
thciiL And thinlly, hecause the assumption of this 
law is necessary for the estimation of the weight of 
tlie bodies of the 8olar System, the part of my subject 
to wliich I now proceed. 

I must first allude to the weight of the earth, 
because th('. weights of all other bodies of the Solar 
System are necessarily refcired to it as a standanl. 
Taking the dimensions of tlie cartli as 1 liave stated 
them before, the number of cubic miles in the earth 
is about 259,800,000,000; each cubic mile contains 
147,200,000,000 cubic feet; and each cubic foot, 
upon the average, weighs 5*67 times as much as a 
cubic foot of water, or 354 Ihs. 6 oz. avoirdupois, I 
will leave the combination of these numbers to you, 

* Another detennination of the mean density of the earth 
has been made by the Astronomer Royal since these lectures 
were delivered. A short account of it is given in Appendix III. 
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and will only romark at present, tliat I have shown 
you how the first step is made in referring the weights 
of the bodies of the Solar System, to the pound 
weight avoirdupois. 

I^ext, I sliall proceed with the estimation of the 
weight of the sun as compared with the weight of the 
earth. And this 1 shaU do by comparing the attrac¬ 
tion produced by the sun with the attraction produced 
by the earth at the same distance. And here is in¬ 
volved an important principle, namely, that the weight 
of a body is proportional to the attraction whicli it 
exerts. In order to explain this, it is necessary to 
remark that every calculation of perturbation in the 
Solar System requires us to suppose, that the attrac¬ 
tion of one body A upon another body B is not a 
mysterious influence by which the presence of A 
causes a movement in B, ^vithout any reciprociil in¬ 
fluence upon A, but is a real mechanical action which 
exerts equal strains upon both, just as if they were 
connected by a contmeting spring. Thus, every strain 
which a large body A produces upon a small l>ody B, 
is accompanied by an equal strain, produced by the 
small body B upon the large body A; and ‘both A 
and B will be disturbed; but A will not be disturbed 
so much as B, because its mass is greater. In the 
computations of peidiurbations, for instance the per¬ 
turbations of Saturn by Jupiter, it is necessary to 
consider that Jupiter attracts the sun according to the 
same law, (as regards the motion produced in it,) by 
which it attracts Saturn; else the computed distur1> 
anco of Saturn would not at all answer to the. observed 
disturbance. If, then, the sun attracts Jupiter and 
a comet (when at equal distances from the sun) so as 
to produce the same motion in them, this shows that 
the mechanical pull upon Jupiter is greater than the 
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meclianical pull upon the comet in the same propor¬ 
tion in wliich the moss of Jupiter is greater than the 
mass of the comet; and therefore, (considering the 
reciprocal mechanical actions upon the sun as equal 
to the mechauical actions of the sun upon them,) 
Jupiter’s pull upon the sun is greater than the comet’s 
pull upon the sun in the same proportion as their 
masses; and the movements wliich they produce are 
in the same ratio. I may add, that the same principle 
is involved in eveiy investigation relating to the 
figure of the earth. Assuming this principlo then, 1 
shall proceed to comjjare the attractions which the 
sun and the earth woidd exert upon a body at equal 
distances from them. 

In former computations in this lecture, I found 
that in Figure 5G, the earth draws the moon tlirough 
10‘9G3 miles in one hour, the moon being at the dis¬ 
tance of 238,800 miles from the earth; and in Figure 
57, that tlie sun dmws the earth tlirough 24*402 
miles in one hour, the earth being at the distance of 
95,000,000 miles from the siul In order to make 
these attractions comparable, we must reduce them 
both to the same distance; and we shall therefore 
firat say, if the earth draws the moon through 10*963 
miles in an hour when at the distance of 238,800 
miles, how far would it draw the moon in an hour if 
it were at the distance of 95,000,000 miles 1 Dimin¬ 
ishing 10*963 in the proportion of the inverse squares 
of the distances, we find that the earth would draw 
the moon through 0*00006927 mile or 4*389 inches 
in an hour, if it were at the distance of 95,000,000 
miles. Comjiaiing this with 24*402 miles through 
which tlie sun dmws the earth or moon when at the 
same distance, we find that the sun’s attraction is 
352,280 times as great as the earth’s, and therefore, 
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that the sun’s mass is 352,280 times as great as the 
earth’s. You ran, if you please, combine this with 
the numbers which I gave before, to express tlie 
weight of the sun in pounds. 

The angular diameter of the sun, as viewed from 
the earth, is 32 minutes of a degree. Computing 
fi'om this the aim’s diameter, we iiiid that tlie sun’s 
hulk is 1,400,070 times as great as the Otortli’s hulk. 
Therefore the sun’s mean density is only about J of 
the earth’s moan density, or about 1 *4 times the den¬ 
sity of water. 

The principle which has been used above for com¬ 
paring the mass of the earth with that of the. sun, is 
used without the smallest alteration for comparing the 
mass of Jupiter, Saturn, Uranus, or Nojitune, with 
that of the sun ; and in all cases where the satellites 
can be easily observed, it can be applied with very 
great accurac)’’. For those planets wliich h.'ive no 
satellites there is considerable uncertainty. The only 
way in which they are determined is by the pertur¬ 
bation of other planets. For instance,’ w(‘. see that in 
certain positions, the earth is disturbed by Mars a few 
seconds, say six or eight. We coinimtc what would 
be the amount of perturbations if the planet Mars 
were as big, or half as big, as the earth, and wo alter 
the supposition till we find a mass which will produce 
perturbations equal to those which we observe. Thus 
we go through a process which is one of trial and 
error. In this manner the masses of Mars and Venus 
are determined. That of Mars is not veiy certain ; 
that of Venus is more certain; both because it pro¬ 
duces larger perturbations of the earth, and because 
its attraction tends to produce a continual change in 
the plane of the ecliptic, which in many years amounts 
to a veiy sensible quantity. The mass of Mercury is 
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still very uncertain; lately attempts have hcen made 
to deduce it from the perturbations which Jitercury 
produces in the motion of one of the comets. 

'lliere is, however, one mass which is more impor¬ 
tant than tlie others, and that is the mass of the moon. 
There are several methods by wliich the mass of the 
moon is determined. Fn speaking of the ijrecession 
of the equinoxes and nutation, I pointed out that 
lunar nutation is, in fact, an ineqmdity of lunar pre¬ 
cession, (joniuicted with it by a certain pi'opoi'tion 
wliich is known from the theoretical investigation, 
Thert'fore, as we can observe the amount of lunar 
nutation, wo can, by talcing that proportion back- 
v.Mrds, (join]uito the annual amount of lunar ])re(jos- 
sion; and we can obseive the whole annual jirecessioii 
produced by botli the sun and the moon; and, sub¬ 
tracting the lunar part, there remains the part due to 
the sun. Jlius w'e have got the ])roportion of luiuur 
precession to solar precession. I^ow, you iiaiy re¬ 
member, that on a former occasion, I went through 
the stejis of a calculation, showing how, if wo assumed 
thi^ ])roportion of the moon's mass to the sun’s mass, 
we might liiul the proportion of the lunar precession 
to the sokr precession. Ey going backward through 
the same steps, knowing the proportion of lunar pre¬ 
cession to solar precession, wc may find the proportion 
of the moon’s mass to the sun’s mass. 

There is a second method by which the mass of the 
moon may be obtained, from the proportion wliich its 
eifect (depending upon the diHerence of its attractions 
upon diiferent parts of the earth) bears to the sun’s 
eifect (depending upon a similar difference); and that 
is, by comjiaring the tides at different times. Every¬ 
body knows that the tides follow the moon generally 
but not entirely. They do not follow the time of the 
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moon’s meridian passage by the same interval at all 
times; and they are much larger shortly after new 
moon and fall moon than at other times. From a 
careful examination of aU the phenomena of tides, it 
appears that they may be most accurately represented 
by the combination of two independent tides, the 
larger produced by the moon, and the smaller pro¬ 
duced by the sun; that at spring-tides these two tides 
are added together, and make a very large tide; but 
that at neap-tides the high water produced by the 
sun is combined with the low water produced by the 
moon, and the low water produced by the sun is com¬ 
bined with the high water produced by the moon, 
and thus a small tide is produced. 

lly comparing the spring-tides with the neap-tides, 
we can find the proportion of the effect produced by 
the moon to that produced by the sun. Now, the 
tides are produced, not by the whole attraction of the 
moon and the sun upon the water, but by the differ¬ 
ence between their attraction upon the water and their 
attraction upon the mass of the earth, by wliich differ^ 
ence the moon (and similarly the sun) attracts the 
water nearest to it from the earth, and attracts the 
earth from the water which is farthest from the moon. 

StiU these forces undergo some very peculiar modi¬ 
fications in their actions which produce the lunar and 
solar tides, which in many cases alter them in pro¬ 
portions slightly different. Thus their tidal effects 
are nearly but not exactly in the proportion of their 
difference of attractions, of which I have spoken; but 
with proper investigation it is possible to find, from 
their tidal effects, the proportion of their differences 
of attraction. And when this is found, we have ob¬ 
tained a proportion of differences of attraction which 
axe exactiy the same as the differences of attraction 
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concerned in producing precession (of which I have 
already spoken); and, from knowing this proportion, 
and knowing the distances of the sun and moon, we 
can, in the same way, find the proportions of the 
masses of the sun and moon. 

The third method is this. In Figure 65, suppose 
C to he the sun, E the earth, M the 
moon. I have spoken continually of 
th(* sun’s attiaction upon the e^h 
and of the earth’s revolution round 
the sun, as if the sun wore the only 
hody whose attraction influenced in 
a material degree the earth’s move¬ 
ment. But in reality the moon also 
acts in a very sensible degree upon 
the earth. And the immediate effect 
upon the motion of the earth is found 
by proper investigation to be the 
following. Draw a Ibie from E to 
M, and in this line take the point 
(r, wliich is called the “centre of 
gravity,” so that the proportion of 
E(t to GM is the same as the pro- pig. 66. 
portion of the weight of M to the weight of E; or so 
that if E and M were like two balls fastened upon 
the ends of a rod, they would balance at G. llien 
investigation shows that the motion of the earth may 
be almost exactly represented by saying that the 
.point G travels round the sun in an ellipse, describing 
areas proportional to the times, (according to KepWs 
laws), aifd that the earth E revolves round the point 
G in a month, being always on the side opposite to 
the moon. 

Consequently, the direction in which the earth 
would be seen from the sun (and therefore tl;e 
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direction in whicli the sun is seen from the earth) 
depends in a certain degree on the distance EG. And 
tlierelbro, if we observe the sun regularly, and if we 
conii)ute where wc ought to see the sun, according 
to Kepler’s laws, the difierence between tliese tw'o 
directions will bo the angle EGG ; and knoAving the 
distance CG, we cjin tlion compute the length of EG, 
and the jiropoitiion whicli it bears to GM; and tins 
proi)ortion, as I have saitl, is the same as the propor¬ 
tion of the mass of the moon to the mass of the eartlL 

A foui^h metliod of deteiniining the mass of the 
moon depends upon an accuiate estimation of the 
force of gravity at the earth’s surface. We know the 
moon’s distance veiy accurately, and we know the 
cartli’s attraction at the earth’s surface (that is, gravity) 
very accurately ; and therefore we know the earth’s 
attraction on the moon accurately. But the force 
which thus acts on the moon makes it revolve, not 
round E, in Figure G5, but round G. ^’ow, in Figuit! 
r)6, from a knowdedge of the distance EM, and tal^g 
M!N^ to be that proportion of the orbit which is de¬ 
scribed in one hour, we found the length of the line 
tlirough winch the earth’s attraction pulls the 
moon in one hour. Here in Figure 65, we have the 
opposite problem; knowing the length of the line 
tluough which the earth’s attraction piills the moon 
in one hour, we have to find what is the length of 
GM, the semi-diameter of the orbit in which it re¬ 
volves. Having found this, we find EG; and then, 
iis in the last method, the proportion of EG to GM 
is the same as the proportion of the mass of the moon 
to the mass of the eartJn 

All these different methods agree very well in 
giving the result that the mass of the moon is about 
^ of earth’s mass. And when this mass, and the 
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known mass of the sun, ore used in combination with 
a law of density of the strata of the earth which will 
well explain the observed eUiptidty of the earth, it 
is found that they explain almost exactly the observed 
amount of precession. 

There remains but one set of bodies whose masses 
can be determined; namdy, Jupiter^s satellites. It 
so hapj)ens that these little bodies <listuib each other 
very mucL In consequence of the periodic time of 
Jupitci^s second satellite being very nearly double 
that of the first, and the periodic time of the third 
being very nearly double that of the second, there is 
a kind of ^‘inequfility of long period” in their motions 
which a<lmits of tolerably accurate observation, by the 
observation of their eclipses. From this their masses 
are computed in the same manner as the masses of 
the planets from their mutual perturbations. Com¬ 
putations are made of the effect of one satellite upon 
the others, on the assumption, for instance, that the 
satdlite is ^ part of the mass of Jupiter; if this does 
not produce, in calculation, the perturbations which 
ore actually observed, the assumed mass must be 
altered in the pTOi)er ])ropnrtion. For the fourth 
satellite, there ore no perturbations of the nature of 

inequalities of long period,” but there are others 
sufficiently sensible, which are treated in just the 
same way. In tli^ manner thb masses of these 
distant little bodies are ascertained with reasonable 
accuracy. The largest of them (the third satellite) is 
about as large as our moon. 

1 have thus redeemed my pledge of explaining 
how the weights of the principal b^es of the Solar 
System are estimated by means of a pound avoir¬ 
dupois. And 1 wiU here briefly recapitulate the 
principal steps. 

T 
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First of all, I remarked that this estimation rests 
absolutely upon the truth of the Theory of Universal 
Gravitation, and I therefore pointed out the principal 
evidences of that theory. As these different evidences 
are nearly independent of each other, 1 shall not re¬ 
peat them, but refer you back to what was said upon 
each of them. 

Then the reference of weights to avoirdupois pounds 
begins with the weighing of the rocks of Schehallien 
for the Schehallien experiment, and the weighing of 
the largo leaden balls for the Cavendish experiment; 
or, if you please, by weighing water, because the 
weights both of rocks and of lead are conveniently 
expressed by expressing the proportion which their 
weights bear to the weight of water. 

The next step was this: by moans of the Schc- 
hallien experiment and the Cavendish experiment, as 
well as by inferences from the ellipticity of the earth, 
we found that the nienn density of the earth is 
between five and six times the density of water, and 
from that we were able to compute the weight of the 
earth. 

The next step was tliis: having the dimensions of 
the moon*s orbit round the earth, we could find how 
far the earth draws the moon in one hour; and 
having the dimensions of the earth’s orbit round the 
sun, we could find how far the sun draws the earth 
in one hour; and comparing these, with the proper 
allowance for the difference of distances, we could 
find the proportion of the sun’s mass to the earth’s 
mass. 

The masses of Jupiter and Saturn I explained to 
1^ found by ascertaining, frx)m the dimensions of the 
orbits of their satellites and their periodic times, how 
far they draw their satellites in one hour; and then 
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comparing this space with the space through which 
the earth draws the moon, or the sun draws a planet, 
in one hour, only making the proper allowance for 
difference of distances. 

For the masses of the other planets, I explained 
that there is no method but by the disturbances 
which they produce in the Solar System j and that . 
these are m^e available by coiuputiug with an as¬ 
sumed mass what the perturbations would be, and 
altering the mass till these agree with the observed 
perturbations. Those of Jupiter’s satellites, as I ex¬ 
plained, arc found in an analogous way. 

For our moon, I indicated several different methods. 
One of these was, to infer (by theoretical considera¬ 
tions) from the observed amount of lunar nutation, 
what is the amount of lunar precession; to subtract 
this from the whole observed precession, which leaves 
solar precession ; and thus to obtain the proportion 
of lunar precession to solar precession, which is the 
same as the proportion of the force with which the 
moon tends to jmll the ea,rth’s surface from its centre 
to the similar force of the sun. A second method 
was from the proportion of lunar and solar tides, 
wliich is referred to the same proportion of forces as 
in the first method., A tliird method "was, from the 
circumstance that it is not the earth, hut the centre 
of gravity of the earth and moon, which moves very 
nearly in an ellipse round tho sun. A fourth method 
was, that knowing the earth’s attraction at its surface, 
;ind computing ^m this its attraction at the moon, 
we could infer fi.'om that the distance of tho moon 
from the centre of gravity of tho earth and moon. 
In the two latter methods we are led to an imme¬ 
diate comparison of the weight of the earth with that 
of the moon. 

T 2 
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1 shall now lepeat what I said in commencing 
this coTuse of lectuies: that I fully beheye that 
there is no part whatever of these subjects of which 
the^nmj^^ cannot be well understood by persons 
of fair intelligence, giving reasonable attention to 
them I but more especially by persons whose usual 
occupations lead them to consider measures and 
farces; not without the exercise of thought, but by 
the application only of so much thought as is 
necessary for the understanding of practical problems 
of measures and forces. 
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FOUCAULT’S PENDULUM EXPERIMENT. 


In the year 1851, a method of rendering the 
earth’s rotation visible to tho eye was made known 
by M. Poucanlt, who had been led to discover it by 
considering the effect of the rotation of the earth on 
the aijptorent motion of a pendulum vibrating freely 
at the etirth’s surface. 

If a hea^T^ body, as for example, a sphere of metal 
be suspended by a string firom a point A, Figure 66, 
vertic^y above N, the North Pole of the earth, and 
allowed to hong freely, the motion of the earth about 
its a^ia ANS will twist the string, and so cause the 
sphere to rotate about its vertical diameter. If, now, 
tho sphere be drawn aside to a point B and allowed 
to drop gently, it will b^n to vibrate in the plane 
NAB, and as the rotation communicated to the 
sphere does not tend to withdraw it from that plane, 
it will continue constantly to move in it. A spec¬ 
tator ilear N, partaking of the earth’s motion, changes 
his position with reference to this fixed plane: but 
being unconscious that he is moving himself, he 
attributes to the fixed plane a motion exactly similar 
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to his own, but in the opposite direction. To him it 
will therefore appear to tctoIyo from east to west 



Fig. 66. 

about the hno !N’A, making a complete revolution in 
the course of a day. At the South Pole a similar 
appearance would be observed. 

At places situated elsewhere on the earth’s sur¬ 
face, it is less easy to anticipate the result; but 
some idea of the effect produced on the plane of 
vibration may perhaps be conveyed by the following 
explanation. 

It has been remarked above, (page 108,) that a 
single force, acting in a given direction, may be 
resolved into two forces acting in given directions : 
and that those two forces acting together may be 
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regarded ais producing the same effect as the single 
force acting alone. In like manner a single motion 
of rotation about a given axis may be resolved into 
two motions of rotation about two given axes : and 
if these two motions take place simultaneously, they 
may bo regarded as together producing the same 
effect as the single motion. Thus, if a body (which 
for the sake of simplicity we may suppose to be 

A 



Spherical) be made to rotate about the line OA, 
Figure 67, any point in it will describe a circle in a 
})lane perpendicular to OA, with its centre on that 
line. Su])pose that in a given time the point P is 
thus brought from one position P to another B; then, 
it is possible to produce the same change in position 
by giving the body two successive rotations about 
two lines, OB, OC. For by virtue of a rotation 
about the line OB, P may be made to describe the 
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are PQ of a circle liaving its centre on the line OB, 
and thus be brought to the position Q. Again, by 
a rotation about OC, Q may be made to describe the 
arc QE of a circle, ^ving its centre on the line OC, 
and be brought to the position R Thus, by two 
properly chosen steps, P to Q and Q to E, P is 
brought to E; and by giving the rotations about OB, 
OC, proper degrees of rapidity, each of the two steps 
may be taken in the same time as was the single origi¬ 
nal step, P to R Suppose, now, that the two rotar 
tions, which we have hitherto supposed to be made one 
after the other, are made simultaneously: then the 
steps will, as it were, be taken together and in the 
same time as the single step ; and P wHI, under the 
combiued influence of the two rotations, be brought 
to the same position as it would be brought to under 
the influence of the single rotation. Thus, two rotar 
tions, about OB, OC, of proper degrees of rapiility, 
may be regarded as producing the same elfect on 
every point of the body as does the single rotation 
about OA. 

Now, if Q, Figure 66, be a place on the Equator, 
the earth h^ no motion of rotation about A'QE; 
and consequently the plane of vibration, having 
itself no motion of rotation, will appear to preserve 
a fixed position relatively to an observer at Q. 

Again, let NOS, Figure 68, represent the earth’s 
axis; let 0 be the centre of the earth and P a 
place on its surface; and let OE be a line perpen¬ 
dicular to OP and in the plane NPS, or the plane 
of P’s meridian. Then, instead of supposing the 
earth’s motion to consist of a single rotation about 
NOS, we may regard it os arising from two properly 
chosen rotations about OP and OE; and we may 
consider separately what would be the apparent 
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effects of these lotatLons on the pendulum : just as 
at page 111, the effects of the two components of a 
force are separately considered. ' 



Fig. 68. 

If, then, the earth rotated about OP alone, P 
would be one of its poles; and therefore, os has been 
already exi)lained, to a spectator near P the plane of 
vibration would appear to revolve in the same time 
as the earth would revolve about OP alone, but in 
the opposite direction. Again, if the earth revolved 
about OB alone, P would be situated on the Equator; 
and a sx)ectator would not observe any change in the 
plane of vibration. « Thus at every pl^ not situated 
on the Equator, the plane of vibration wdl appear 
to change its position; and such change will be 
entirely due to the component rotation about OP. 

It is not difficult to submit these conclusions to 
an experimental test, and this has actually been 
done at many places. Care must be taken not to 
give the sphw any lateral motion at the monmt 
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when it is dropped ; otherwise, (referring to Figure 
66,) it would at once he carried out of the plane 
BAN, and the previous reasoning would no longer 
hold. In practice, this object is attained by fasten¬ 
ing the sphere to a waU or other fixed body by 
means of a second string, so as to keep it in such a* 
position as AB; and then setting the second string 
on fire at an instant when the sphere is observed to 
be completely at rest 


II 

THE GYROSCOPE. 


In general, a body which is set rotating about a 
line will not continue to revolve about it; on the 
contrary, the axis of rotation will usually change its 
position relatively to the body. Whatever be the 
shape of the body, however, it is always possible 
to find a line fixed relatively to the^body, such that 
the body having once begun to rotate about it will 
continue to do so, provided no external force act: 
such a line is called a permanent axis of rotation. 
If the body be perfectly symmetrical about any line 
within it, that lino is a permanent axisj thus the 
diameter of a sphere, the diagonal of a cube, and the 
axis of revolution of a spheroid, (page 60,} are per¬ 
manent axes of the sphere, cube, and spheroid. If, 
further, when the body has once been niade to rotate 
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about a permaAent axis, no force intervene to alter 
the original motion, the n^ifl will always preserve the 
same direction in space, as well as the same position 
in the body, a circumstance alluded to in the lectures, 
(page 78.) 

* Suppose, then, a body to be sot rotating about a 
permanent axis and to be mounted so that the force 
of gravity does not interfere with the rotation; sup¬ 
pose, also, that at the commencement of the motion 
the axis points to some star; then, if it be true that 
the star does not move, the axis will always point 
to it so long as the rotation lasts. If it be true 
tliat the apparent diurnal motions of the stars are 
duo to an actual motion of the earth; then to an 
observer on the earth’s surface the axis will appear 
to move so as to follow the star. But if, on the 
otlier hand, the star move while the earth remains 
at rest, the observer wo have spoken of will observe 
no change in the position of the axis. Thus wo have 
the means of testing, by direct experiment, the truth 
of the conclusion arrived at in lecture II, (page 78,) 
that it is the earth which revolves and not the stars. 

The following is the description of an instrument, 
contrived by M. Foucault, for the purpose of making 
such an experiment as we have just mentioned. 
DD', Figure 69, is a heavy metallic disc, mounted 
on an axis which passes through 0, the centre of the 
disc, and is perpendicular to its two sides. The 
extremities of this axis terminate in pivots CG', 
which ht into holes made at opposite extremities 
of the diameter of a circular ring BCB'*C', which is 
furnished with two knife edges (similar to those of a 
balance) at B and B', and so arranged that BB' ia 
the diameter of the ring perpondicul^ to CC'. The 
knife edges rest in holes made at opposite extremities 
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of the horizontal diameter of a vertical circle AEA'B', 
which is suspended by a fine wire S A from the fixed 
point S. At A', the opposite extremity of the vertical 

diameter AA', is a pivot, 
which rests in a small hole. 
All the pivots are carefully 
polished, so that fnction 
may be avoided as much as 
possible; and the dimen¬ 
sions of the (lifierent parts 
of the instrument are so 
adjusted that 0 is the com¬ 
mon centre of the disc and 
the rings. 

J^’ow as the disc ia sym¬ 
metrical about CC', that line 
is a permanent axis of lotar ' 
tion; and as O is the com¬ 
mon centre of gravity of 
the different parts of the 
machine, and is sujtported 
by the string SA and the 
reaction at A', the force of 
gravity will not interfere 
with the rotation. Thus 
the instrument satisfies all 
the conditions necessary for mak ing the experiment. 
It is also clear, that the aTia CC' may be placed so 
as to point in any direction we please by moving 
first the ling ABA'E', and then the ring BCB'C' 
into proper positions. 

To make the experiment, BCB'C' is removed 
its supports, and a rapid motion of rotation is 
impressed on the disc. The ring BCB'C' is then 
restored to its place. It is found, that if at any 
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instant CC' points to a fixed star, it contmnes to do 
so while the disc rotates, and thus ap 2 )earB to an 
observer to chango its position relative to the sui^e 
of the earth j n^esa, indeed, the star be the pole 
star, in which case the observer will not notice 
any apparent change in its direction. 

This instrument is called the “ Gyroscope.” 


IIL 

THE DEH81TT OF THE EABTH. 


It is stated in the lectures, (page 222,) that if the 
law of universal gravitation be tme, it is found (by 
a difficult matheniutical investigation) that the at¬ 
traction of the whole earth, considered as a sphere, 
on a body at its suif£u:e is the same as If the 
whole matter of the earth were collected at its 
centre. It is also found that the attraction of the 
earth on a body within its sur&ce is the same 
as if the spherical shell situated between the body 
and the earth’s suxBace were removed; or is the 
some as if all the matter situated nearer to the earth’s 
centre than the body were collected at the centre, 
and all the matter sifted at a greater distance were 
zemoved. 

If the earth were of uniform density thiou^ont, 
it would fcdlow from these propositions that the fotoe 
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of giayity at tlie bottom of a mine would be less 
than the force at the top. To show this, suppose 
that the mine reached half-way to the centre of the 
earth. Then (since the volumes of spheres vary as 
the cubes of their diameters) the quantity of matter 
nearer to the earth’s centre than the bottom of the 
mine would be only one-eighth of the whole quantity 
of matter m the earth. But the attraction of* a 
quantity of matter at the earth’s ccutre would be 
more powerful on a body at the bottom of a mine 
than on one at the top, in the inverse ratio of the 
squares of the distances of the bodies from the earth’s 
centre: that is in the present case in the ratio of 
four to one. Hence the attraction on a body at the 
bottom of the mine would bo, on. the whole, less 
than the attraction on a body on^he top in the ratio 
of one to two. 

If, however, the earth be not of uniform density, 
but its density increase towards the centre, then 
t^ugh the attracting mass which acts on a body at 
the bottom of the mine bo smaller, yet the diminu¬ 
tion in the force of gravity so occasioned may be 
more than compensated by the comparative near¬ 
ness of the attracted body to the denser parts of 
the earth. From the two laws of the attraction 
of spheres, which have been stated above, it is 
possible to calculate the ratio which the force of 
gravity at the bottom of the mine would bear to that 
at the top on any supposition we choose to make as 
to the ratio which subsists between the mean density 
of the earth and the density of the surface; so that if 
we know one ratio we can immediately infer the other. 
How, pendulum observations afford us the means of 
detennining the force of gravity at any place, (page 
248 ,} and therefore, if the times of vibration of a 
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pendulum at the top and bottom of a mine be founds 
the ratio of thd force of gravity at the top to that at 
the bottom/^nay be calculated, and thenqe the ratio 
of the ^^n density of the earth to that of its 
sui’facft-'' 

mode of determining the mean density was 
lUt in. practice by the Astronomer Boyal, at the 
iiarton Coal Ht, near South Shields, in the year 
1854. The mean density deduced from his observa¬ 
tions is 6*565 ; a value considerably exceeding that 
found from the Schehallien and Cavendish experi- 
numts. 


THE END. 
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Clairaut’s theorem, 252. 

Clock, use of in. finding lon¬ 
gitude, 65. 

Comets, motion of, 227. 

Commensurability of mean 
motions, effect of, 233. 

Co-ordinates, 21. 

Copemican system, 98. 

U 


D. 

Day, sidereal, 41; variation 
in length of day, how ex¬ 
plained, 71; souff, 121. 

Degree, 28. 

Density of earth, 256, 285. 

Diameters of earth, 62. 

Dichotomixation of moon, 
148, 167. 

Direct motion, 91, 124. 

Distance of planete from sun, 
127; of moon from earth, 
136, 16G; of sun from 
eor^ 144; of fixed stars, 
192, 209. 

Disturbing force, 229. 

Idumol motion of earth, 66. 

E. 

Earth, moves, 66; diurnal 
motion, 66; motion, how 
represented, 77; perma¬ 
nence of axis, 77; fig^ure, 
53, 60, 86; how caused, 
70, 87; calculated, 247; 
dimensionB, 54, 86; den¬ 
sity, not uniform, 252; 
how found, 256, 285; 
mass, 266. 

Ecliptic, 74. 

Ellipse, 60, 100. 

EUiptidty of earth, 241. 

Elliptic motion, 110, 226. 



^90 


POFUZAB ASTRONOMY, 


Epicycles, 98. 

Equatorcal instrumcnti 8. 

Equinox, 110. 
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Newton e^qtlains precession, 
202; explains motion of 
comets, 227; explains 
moon’s variaiion, 232; 
calculates figure of tho 
earth, 247. 

Nutation, 186, 202. 

O. 
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Teleecope, 18» 43. 
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